Open Access Article. Published on 15 July 2023. Downloaded on 6/14/2026 11:28:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials

Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2023,
4, 3583

Received 6th March 2023,
Accepted 29th June 2023

DOI: 10.1039/d3ma00109%a

rsc.li/materials-advances

1. Introduction

A PLA-tPU based magnesium ion incorporated
CSH/nHA bioactive porous composite scaffold
for critical bone defect repair

Zhi Shi,1* Guobin Huang,® Zhongming Li,© Zhenkai Lou,® Zhigiang Gong,?
Xin Wang,? Chengyong Li* and Bing Wang () *?

The treatment of critical bone defects remains a significant challenge for advanced medicine. Chitosan/
nano-hydroxyapatite (CS/nHA) composites have been widely developed in bone tissue engineering
because of their attractive bioactivities. It has been demonstrated that incorporating a suitable amount
of magnesium (Mg) into composite scaffolds can enhance the osteogenic effect. In this work, a series
of bioactive porous composite scaffolds were prepared with polylactic acid (PLA), thermoplastic
polyurethane (tPU), chitosan hydrochloride (CSH), nano-hydroxyapatite (nHA), and magnesium chloride
(MgCly) mixed by freeze-drying technology, namely, PLA/tPU-1Mg-CSH/nHA (PT-1IM-CN), PLA/tPU-
1.5Mg-CSH/nHA (PT-1.5M-CN), PLA/tPU-1.75Mg-CSH/nHA (PT-1.75M-CN), and PLA/tPU-2Mg-CSH/nHA
(PT-2M-CN). Characterization analysis shows that the scaffold’'s surrounding structure is similar to
cancellous bone, which may be suitable for bone defect filling. In vitro biological experiments indicated
that all the scaffolds had good biocompatibility, promoting rat bone marrow mesenchymal stem cell
(rBMSC) proliferation, migration and osteogenic differentiation. Furthermore, the in vivo studies
suggested that the scaffolds played a specific “bridge” role in the interconnection of osteoblasts which
enhanced bone regeneration. By contrast, all the findings showed that the PT-1.75M-CN scaffold had
the strongest osteogenic ability. Therefore, because of the superiorities of rich raw materials, simple
preparation methods, and easy mass production, the PT-1.75M-CN scaffold provides a promising
strategy for developing and promoting bone regeneration and tissue engineering applications.

impediments such as limited sources, difficult shape or size
matching, and possible donor site infection." Bone tissue
engineering to find suitable bone substitutes has emerged in

Bones are among the most important organs in the human
body, seriously affecting a patient’s quality of life when
damaged. Generally speaking, smaller bone defects are self-
healing, while larger defects can only be repaired by additional
graft filling."” Although autologous bone is still regarded as
the gold standard of bone implants, its clinical application has
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recent years. These substitutes consist of seed cells, scaffold
materials and inducers, among which the scaffold materials are
the most important component.”

Bone is a complex composed of organic and inorganic
components. Composite organic and inorganic materials as
bone substitute materials present a very promising strategy to
simulate the composition of bone tissue.® As the main inor-
ganic component of bone, hydroxyapatite (HA), has good
biocompatibility and bone conductivity.”® In addition, studies
have shown that nano-hydroxyapatite (nHA) can promote cell
osteogenic differentiation, with some advantages compared
with HA.”"?

Chitosan (CS) is an organic material formed by the deacety-
lation of chitin and is common in nature.'® Because of its good
biological activity, degradability, and compatibility, CS is widely
used in tissue engineering, especially in drug carriers, skin
tissue engineering, and bone tissue engineering."*'® The com-
posite material composed of CS and nHA can not only simulate
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the natural bone tissue composition, but also promote the
osteogenic differentiation of cells, induce in vivo osteoge-
nesis and regulate the inflammatory response of the implant
Site.12’17’18

However, some shortcomings have limited the application
of CS/nHA composite materials in bone tissue engineering. On
the one hand, CS is insoluble in water, so the application
complexity caused by this feature must be solved.'® On the
other hand, the CS/nHA composite scaffold’s mechanical
strength is insufficient. Chitosan hydrochloride (CSH), having
strong cationic properties and good water solubility while
retaining the advantages of CS, is a good alternative to
CS.132%21 In addition, polylactic acid/thermoplastic polyur-
ethane (PLA-tPU) blends can be mixed in different proportions
to effectively improve the mechanical properties of tissue
engineering scaffolds by combining the hardness of PLA and
the toughness of tPU.”?

Osteogenic activity is indispensable for the design of bone
repair materials.>®> Magnesium ions (Mg”") found in bones are
an essential component of the human body and play a vital role
in human growth and development.”***> Furthermore, the
function of Mg”>* in bone metabolism is encouraging.”®® It
can regulate the activity of osteoblasts and osteoclasts and plays
an important role in maintaining the homeostasis balance of
the bone microenvironment.* In recent years, significant effort
has been devoted to adding Mg”* into scaffolds to enhance the
proliferation, differentiation, and regeneration of bone
cells.*** In addition, Mg>* can also induce macrophages to
polarize by inhibiting the NF-xB pathway to produce an anti-
inflammatory effect, which is further conducive to the migra-
tion and osteogenic differentiation of mesenchymal stem
cells.*>?® vascular ingrowth is the premise of bone regenera-
tion. On the one hand, the porosity of bone repair materials is
conducive to forming a vascular network, further promoting
new bone formation.®*”*® On the other hand, Mg>* can stimu-
late the production of reactive oxygen species and induce the
up-regulation of vascular endothelial growth factor expression
in endothelial cells, thus promoting angiogenesis.*>*° Consider-
ing that Mg®" has the advantages of jointly promoting osteogen-
esis, angiogenesis and immune regulation, the incorporation of
magnesium into the scaffold is expected to improve the osteo-
genic activity of bone implant materials.

Present preparation methods for porous scaffolds mainly
include the salting-out, gas-foaming, thermally-induced phase
separation, additive manufacturing, electrostatic spinning, and
freeze-drying methods. Compared with other preparation
methods, the freeze-drying method has a simple preparation
process, does not affect the biological activity of the raw
materials, and produces a scaffold with high porosity, which
is cross-linked to form three-dimensional pores.*’ This study
utilizes CSH/nHA as a bone component simulation, PLA/tPU as
a framework, CS as the main force to create pores, and Mg>" as
an osteogenic active factor to develop a series of bioactive
porous scaffolds using freeze-drying technology for repairing
critical bone defects (Scheme 1). Subsequently, the mechanical
properties and hydrophilicity of the bioactive porous scaffolds
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Scheme 1 Preparation of the PT-M-CN bioactive porous scaffold and its
effect on bone regeneration.

were explored. In vitro biological performance was investigated
using rat bone marrow mesenchymal stem cells (rBMSCs).
Finally, the effect of in vivo bone defect repair was assessed in
a skull-critical bone defect model of Sprague-Dawley (SD) rats.

2. Materials and methods

2.1. Materials

Polylactic acid (PLA) was purchased from NatureWorks (USA)
and thermoplastic polyurethane (tPU) was purchased from
Bayer (Germany). High-density chitosan, chitosan hydrochlor-
ide (CSH), and magnesium chloride (MgCl,) were purchased
from Macklin Biochemical Technology Co., Ltd (Shanghai,
China). Nano-hydroxyapatite (nHA) was obtained from Hualan
Chemical Technology Co., Ltd (Shanghai, China).

2.2. Preparation and characterization of scaffolds

tPU and PLA in a 1:3 mass ratio were first dissolved in N,
N-dimethylformamide and dichloromethane respectively. After
complete dissolution, they were mixed to obtain PLA-tPU
blends. The high-density chitosan powder was dissolved in an
acetic acid solution. Next, CSH, MgCl,, and nHA were added to
dichloromethane at different mass ratios of 6:1:2, 6:1.5:2,
6:1.75:2, and 6:2:2. After being stirred and dispersed evenly,
they were placed in a super-high-speed homogenizer. Follow-
ing uniform dispersion at 6000 rpm, they were added to the
PLA-tPU blends, and the mixed liquid was poured into a mold
with high-density chitosan solution for pore formation. Finally,
bioactive porous composites PLA/tPU-1Mg-CSH/nHA (PT-1M-CN),
PLA/tPU-1.5Mg-CSH/nHA (PT-1.5M-CN), PLA/tPU-1.75Mg-CSH/
nHA (PT-1.75M-CN), and PLA/tPU-2Mg-CSH/nHA (PT-2M-CN)
were obtained by processing at —80 °C in a vacuum freeze dryer.

The microstructures of the scaffold surfaces were observed
by scanning electron microscopy (SEM, ZEISS, Germany). An
energy dispersive spectrometer (EDS, Bruker, Germany) was
used to observe the distribution of the components on the
surface of the scaffolds. The mechanical strengths of the
scaffolds were tested using a 1000 N force by a universal testing
machine (Elecall, China), and the results were plotted as stress-
strain curves. The pore structure of the scaffolds, including
porosity, median pore diameter, and bulk density, were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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characterized by mercury intrusion porosimetry. Scaffold water
contact angles were detected with a contact angle measuring
instrument (Bolaide, BLD-D1, China).

The scaffold extract was prepared with PBS solution at a
ratio of 0.1 g mL™' (ISO 10993-12 standard) to detect the
sustained release of Mg”>" in vitro. After soaking for 1, 3, 7, 14,
and 21 days, the scaffold extract was used to measure the Mg”"*
concentration by inductively-coupled plasma-optical emission
spectrometry (ICP-OES, PerkinElmer, USA).

2.3. Invitro cell experiments

2.3.1. Preparation of scaffold extract. All scaffolds were
sterilized by y-irradiation. Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin-streptomycin (PS, Gibco, USA)
was the basic cell medium in this study. Each scaffold was
immersed individually at 37 °C for 24 h (0.1g scaffold: 1 ml
basic medium (ISO 10993-12 standard)) to make the cell culture
extract, and the osteogenic induction medium was added if
necessary.

2.3.2.
ymal stem cells (rBMSCs). Sprague-Dawley (SD) rats (4-6 weeks
old) were purchased from the Laboratory Animal Department
of Kunming Medical University. The rats were killed by cervical
dislocation, and the femurs and tibias were extracted. Next, the
bone marrow cavity was washed using the alpha-modified
minimum essential medium (a-MEM, HyClone, USA) contain-
ing 10% FBS and 1% PS. The extracted rBMSCs were placed in
an incubator at 37 °C, 5% CO, and 95% humidity for culturing.
The medium was changed every two days. The passage was
carried out when 80-90% of the culture dish was covered with
cells. The cells of passages 3-4 were used for the following
experiments.

2.3.3. In vitro cell biocompatibility evaluation. Live/dead,
CCK-8, and EDU experiments were used to evaluate the in vitro
biocompatibility of the scaffold to rBMSCs. The live/dead kit
(Thermo Fisher Scientific, USA) was used to evaluate cell
activity. First, round coverslips were placed in the 12 well
culture plate. Then, 5 x 10* cells per well were seeded evenly
on the plate with the scaffold extract. After being cultured for
4 days, a staining reagent was added to incubate at 37 °C for
30 minutes, and a fluorescence microscope (OLYMPUS, BX53,
Japan) was used to record the images.

A CCK-8 kit (Mei5 Biotechnology, Beijing, China) was used
to analyze cytotoxicity. 3 x 10* cells per well were spread on a
12-well culture plate and cultured for 1, 4, and 7 days with the
extract. At each time point, CCK-8 solution was added and
incubated in the dark for 1 hour, and the OD value was
measured with the microplate reader (Spectra Max 190) at a
wavelength of 450 nm.

An EDU-555 cell proliferation kit (Beyotime, Shanghai,
China) was used to observe the proportion of proliferating
cells. The six-well culture plate was inoculated with 6 x 10*
cells per well. When the cells returned to their normal state, the
scaffold extract of each group was added to continue the culture
and incubated for 2.5 hours after adding EDU. The cells were

Isolation and culture of rat bone marrow mesench-
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then fixed with 4% paraformaldehyde for 15 minutes and
punched with a permeabilization buffer for 12 minutes. Sub-
sequently, the click reaction solution was added to incubate in
darkness for 30 minutes. Hoechst 33342 was used to stain the
nucleus. Images were recorded using an inverted fluorescence
microscope (Nikon, TE2000-U, Japan), and the Image J software
was used to analyze the proliferation rate.

2.3.4. Cytoskeleton observation. A six-well culture plate
was seeded with 6 x 10" cells per well with the scaffold extract
to culture for 72 hours. Next, all cells were fixed with 4%
paraformaldehyde for 10 minutes and pretreated with Triton
X-100 for 5 minutes. After cleaning with PBS, TRITC-labeled
phalloidine solution (Solarbio, Beijing, China) with a final concen-
tration of 100 nM was added to the cell surface for F-actin
staining. The cell nucleus was labeled with a 4’,6-diamidino-2-
phenylindole (DAPI, Solarbio, Beijing) solution for 5 minutes in
the dark. F-actin was observed using an inverted fluorescence
microscope, and the Image J software was used to analyze the
spreading area of the cells.

2.3.5. Alkaline phosphatase (ALP) staining and activity
detection. Cells at a density of 5 x 10" cells per well were
seeded on a 12-well cell culture plate, and scaffold extract
containing osteogenic mineralization solution was added. After
7 and 10 days of culture, a BCIP/NBT alkaline phosphatase
color development kit (Beyotime, China) was used for ALP
staining. Images were collected with an inverted fluorescent
microscope. An alkaline phosphatase assay kit (Beyotime,
China) was used for ALP activity detection. Absorbance was
measured with a microplate reader at 405 nm.

2.3.6. Alizarin red staining and semi-quantification analy-
sis. The formation of mineralized nodules in an extracellular
matrix of rBMSCs was determined by adding 5 x 10* cells per
well to the 12 well plate and culturing them with the scaffold
extract containing osteogenic mineralized solution for 21 days.
Alizarin red solution (OriCell) was added to incubate in the
dark for 30 minutes. The inverted fluorescence microscope was
used for Alizarin red staining. Furthermore, 10% cetylpyridi-
nium chloride (Macklin) was used to dissolve the calcium
nodules, and a microplate reader measured the OD value at a
562 nm wavelength to perform a semi-quantitative analysis.

2.3.7. Rt-qPCR analysis. Osteogenic mineralized solution
and 2 x 10° cells per well were added to a six-well culture plate.
After 7 days of culturing, total RNA was extracted and rever-
se transcribed to synthesize cDNA. The expression level of
osteogenesis-related genes, including alkaline phosphatase
(ALP), bone morphogenetic protein 2 (BMP-2), runt-related

Table 1 Primers used for RT-qPCR analysis

Primer 5’ to 3’ (Forward) 5’ to 3’ (Reverse)

ALP TGATGCTCAGGACAGGAT GGACCATAAGCGAGTTTCT
BMP2 CATCACGAAGAAGCCATC TCATCAGTAGGGACAGAAC
RUNX2 AATGCCTCTGCTGTTATG TTGTGAAGACCGTTATGG
VEGF CAGCATAGCAGATGTGAATG TTCTCCGCTCTGAACAAG
GAPDH CCTGCACCACCAACTGCTTA GGCCATCCACAGTCTTCTGAG

Mater. Adv., 2023, 4, 3583-3592 | 3585
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transcription factor 2 (RUNX2), and vascular endothelial
growth factor (VEGF), were evaluated with Fast Green qPCR
SuperMix (TransGen, China) using QuantStudio 3 (Thermo
Fisher Scientific, USA). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for internal reference. Synthetic
primer sequences are presented in Table 1.

2.4. In vivo experiments

2.4.1. Construction of the critical bone defect model and
porous scaffold implantation. All animal experimental
schemes were performed in compliance with the policy
on animal use of Kunming Medical University and
approved by the Animal Experiment Ethics Review Com-
mittee of Kunming Medical University (kmmu2021268).
Forty male SD rats (220-300 g body weight) were purchased
from the Laboratory Animal Department of Kunming Med-
ical University (Kunming, China) to construct the critical
skull bone defect model. They were randomly divided
into control, PT-1M-CN, PT-1.5M-CN, PT-1.75M-CN, and
PT-2M-CN groups.

First, the SD rats were anesthetized with 1.5% pentobarbital
sodium (1 mL kg™ ') by intraperitoneal injection. Then, the
skull was exposed, and a 5 mm diameter trephine was used to
establish the bone defect model. Finally, the scaffolds in each
group were implanted into the defect site. The rats were
subcutaneously injected with antibiotics for three consecutive
days to prevent postoperative infection.

2.4.2. Micro-CT scanning and analysis. The model rats
were killed with excessive anesthesia at 8 and 12 weeks to
observe new bone formation, and the skull was removed and
fixed in a 10% neutral formalin solution. Three-dimensional
reconstruction scanning of the samples was performed using
micro-CT (Scanco Medical AG, Switzerland), and parameters
such as bone mineral density, bone volume, bone surface,
trabecular spacing, and trabeculae thickness were measured
and analyzed using CT analyzer software.

2.4.3. Histological and biosafety evaluation. After micro-
CT scanning, the skull was decalcified with 10% EDTA
solution. After some time, the specimens were embedded
in paraffin and cut into 5 pm-thick pieces when the acupunc-
ture had no resistance. While finding the appropriate area,
the sections were stained using hematoxylin-eosin and Mas-
son Staining Kits. After euthanasia, venous blood was col-
lected for blood tests and the heart, lungs, liver, spleen and
kidneys were removed to evaluate organ toxicity. The new
bone formation in the stained sections and tissue sections
was observed with a digital pathological section scanner
(KFBIO).

2.5. Statistical analysis

One-way ANOVA was used for statistical analysis using
GraphPad Prism software (Version 7.0). All results were
expressed in mean + SD. P < 0.05 was regarded as statistically
significant.
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3. Results and discussion
3.1. Characterization of scaffolds and Mg>" release

Natural bone consists of cortical bone with less porosity in the
outer layer and cancellous bone with abundant porosity in the
inner layer. It has a unique porous internal network structure.*>
The porous structure of the scaffold was not only conducive to
cell migration, proliferation, and osteogenic differentiation but
also provided conditions for blood vessel growth, thus provid-
ing a dual guarantee for new bone formation.***

Freeze-drying technology is a common method for preparing
materials with high porosity.*>*” The SEM image shown in
Fig. 1a indicates that the PT-M-CN scaffold had many inter-
connected pores forming a porous structure. In addition, the
pore structures and porosity of PT-M-CN scaffolds are shown in
Fig. 1b and ¢, from the mercury injection process, it can be seen
that the mercury solution mainly fills the larger pores above
10 pm at the beginning of injection, and with the upregulation
of pressure, smaller nano-scale pores are also injected with
mercury solution, also confirmed that the pore size range of the
scaffold was wider. The pore volume-pore diameter curve
indicates that the pore sizes of all scaffolds were mainly
concentrated between 10* nm and 10> nm. The pore size has
some influence on the behavior of cells, however, the appro-
priate pore size of the scaffold is still unclear. The pore size of
the scaffold with 300-500 pm is conducive to the growth and
migration of cells, the transmission of nutrients and the growth
of blood vessels, and the pore size of the scaffold with less
than 300 pm is conducive to cell adhesion and osteogenic
differentiation.’” According to the pore diameter detection
results of the scaffolds, the median pore diameter of PT-M-CN
scaffold is less than 300 pm. The results showed that the
PT-M-CN scaffold could be beneficial for cell adhesion and
osteogenic differentiation, laying a foundation for the repair of
bone defects after scaffold implantation. Table 2 shows that the
PT-1.75M-CN scaffold had minimum porosity, minimum pore
diameter, and maximum bulk density among the four groups of
scaffolds. And the porosity of PT-M-CN scaffold is between 50%
and 90%. In natural bone, the porosity of human cortical bone
is 3-12%, and the porosity of cancellous bone is 50-90%.®
Therefore, the PT-M-CN scaffold well simulates the pore struc-
ture of human cancellous bone.

From the stress-strain curve (Fig. 1d), it can be observed that
the stress gradually increases with the degree of compression. It
is worth noting that the structures of all the scaffolds remain
intact even if the compressive strain is 80%, showing that
PT-M-CN scaffolds had excellent strength and toughness. The
elastic modulus of human cortical bone is 1-20 GPa, and that
of cancellous bone is 2-12 MPa.*®*° Table 3 shows that the
elastic modulus of the PT-M-CN scaffold is about 1 MPa, which
is close to that of cancellous bone. The mechanical properties
of the scaffold are affected by porosity, and the scaffold with
different porosity shows different mechanical properties. The
scaffold with high porosity has lower mechanical strength,
however, a scaffold with low porosity has better mechanical
strength.>® At the same time, the incorporation of Mg** will

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) SEM images of the PT-M-CN scaffolds. (b) Cumulative mercury
intrusion in the pore structure of the PT-M-CN scaffolds. (c) Pore volume—
pore size distribution. (d) Compressive stress—strain curve of the PT-M-CN
scaffolds. (e) Water contact angle of the PT-M-CN scaffolds. (f) Elemental
mapping diagram of the PT-175M-CN scaffold. (g) Cumulative Mg®*
release curves at 1, 3, 7, 14, and 21 days.

Table 2 Pore characteristics of the PT-M-CN scaffolds

Median pore Bulk density

Sample Porosity/%  diameter (volume)/nm (g mL™")
PT-1M-CN 75.6808 29747.69 0.2989
PT-1.5M-CN 70.7764 37387.88 0.3359
PT-1.75M-CN 58.8009 20670.17 0.5243
PT-2M-CN 67.9121 45341.67 0.4703

lead to changes in the mechanical properties of scaffolds.>* In
combination with Tables 2 and 3, among the four groups of
scaffolds prepared, the compressive strength of the scaffold
gradually increases with the change of the amount of Mg>"
added at first, and then slowly decreases. Compared with other
groups, the PT-1.75M-CN scaffold has better compressive
strength, and its porosity is lower than the other three groups.
And the compressive strength of the PT-M-CN scaffold is
consistent with the trend of porosity. Based on the above results
of the physical and chemical properties of the PT-M-CN scaffold,
the PT-M-CN scaffold prepared in this study basically simulates
the structure of natural human bone tissue, reaching the original
design concept.

Table 3 Elastic modulus of PT-M-CN scaffolds

Sample Elastic modulus (MPa)
PT-1M-CN 0.97628
PT-1.5M-CN 1.05333
PT-1.75M-CN 1.39377
PT-2M-CN 1.03244

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The surface properties of scaffolds determine their biologi-
cal effects. A hydrophilic scaffold is beneficial for cell adhesion,
migration, and tissue regeneration.’”*> The results show that
the water contact angle of all scaffolds is less than 90°,
indicating that the PT-M-CN scaffolds have good hydrophilicity
(Fig. 1€). The elemental mapping diagram reveals that Mg** was
evenly dispersed in the scaffolds (Fig. 1f). The magnesium ion
release curve (Fig. 1g) shows that the Mg>" in the scaffolds was
gradually released over time. At 21 days, there was still a small
number of magnesium ions in the extracts. This result shows
that the PT-M-CN scaffolds can continuously stimulate rBMSCs
to create biological effects.

3.2. Invitro cell experiments

3.2.1. Viability and proliferation of rBMSCs. Non-toxicity is
an important prerequisite for the application of biological materi-
als. After four days of culturing, the live/dead assay showed that
the extract of the four scaffolds supported cell survival, and there
was no significant difference from the control group (Fig. 2a).
Different Mg”>* concentrations in the cell microenvironment
produce different biological effects. Appropriate Mg>" concentra-
tions promote the biological effects of cells, while excessive
concentrations produce cytotoxicity.?®>3>>

As a classical method for detecting cell proliferation, it can
be observed from the EDU assay results that all scaffolds
promoted the proliferation of rBMSCs (Fig. 2b). According to
the quantitative analysis results, the positive rate of EDU in PT-
1.75M-CN was higher than that in other groups (Fig. 2c),
revealing that the PT-1.75M-CN scaffold has the best ability to
promote single-cell proliferation. The effect of each scaffold on
cell viability was further verified by the CCK-8 assay. As shown
in Fig. 2d, the results were consistent with EDU, and the OD
value gradually increased with time. As mentioned above, the

P sy

20 sxas

2 o = PT-2M-CN
PR
E I

.. | ‘ 7

Fig. 2 (a) Live/dead staining of rBMSCs after being cultured for 4 days.
Living cells are green and dead cells are red. (b) and (c) EDU single cell
proliferation assay of rBMSCs. Blue represents the nucleus, and red
represents EDU labeled cells. (n = 3; ns represents no significant differ-
ence; *P < 0.05; **P < 0.01). (d) CCK-8 assay after being cultured for 1,
4, and 7 days. (n = 5; ns represents no significant difference; *P < 0.05;
***p < 0.001; ****P < 0.0001).
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four bioactive porous scaffolds are non-toxic, biocompatible
and consistent with the design concepts for medical materials.

3.2.2. F-actin expression and morphology of rBMSCs. Cell
growth and development are the basic guarantees of osteogenic
differentiation. In this study, the phalloidine staining results
showed that the PT-M-CN bioactive porous scaffolds could
stimulate rBMSCs to express F-actin (Fig. 3a). Cytoskeleton
protein F-actin, an actin polymer, is the main driver of cell
movement and plays an important role in cell contraction and
migration. Stem cell migration is also a necessary condition for
bone defect repair. Further measurements of cells typical
for culturing each scaffold extract for area measurements
also showed a larger cell area in the PT-1.75M-CN group
(Fig. 3b and c), suggesting that it could better promote cell
migration and developmental differentiation. In addition, the
area spread by stem cells is potentially related to osteogenic
differentiation, and a larger stem cell area increases its
likelihood.?® Therefore, the PT-M-CN scaffolds provide a basis
for cell recruitment for bone defect repair.

3.2.3. Osteogenic differentiation of rBMSCs. ALP activity,
calcium nodules, and osteogenesis-related gene expression
levels were explored to determine the effect of PT-M-CN scaf-
folds on rBMSC osteogenic differentiation. As an early osteo-
genic marker, ALP plays an essential role in osteogenesis. As
shown in Fig. 4a, there was a significant amount of ALP
produced in all scaffold groups, and ALP activity gradually
increased with increasing culture time (Fig. 4b). Calcium
nodule formation is another sign of osteogenic differentiation.
As displayed in Fig. 4c and e, many calcium nodules could be
observed in each group after 21 days of culturing. The semi-
quantitative results showed that the OD value of PT-1.75M-CN
was significantly higher than those for other groups (Fig. 4d).

PT-15M-CN
P

PT-1.75-CN

Cell area (um?)

Fig. 3 (a) Morphology of rBMSCs cultured in PT-M-CN scaffold extracts.
Yellow, F-actin; blue, nucleus. (b) Quantitative analysis for spreading area
of rBMSCs. (n = 3; ns represents no significant difference; *P < 0.05). (c)
Representative morphology of rBMSCs in the PT-M-CN scaffold extract. 1:
PT-1M-CN; 2: PT-1.5M-CN; 3: PT-1.75M-CN; 4: PT-2M-CN.
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Fig. 4 (a) and (b) ALP staining and activity at 7 and 10 days. (n = 3;
***p < 0.001; ****P < 0.0001). (c)-(e) Alizarin red staining and semi-
quantitative analysis at 21 days. (n = 5; ****P < 0.0001). (f)—(i) Expression
level of osteogenic related genes for ALP, BMP2, RUNX2 and VEGF at
7 days. (n = 3; ns represents no significant difference; ***P < 0.001;
***4*P < 0.0001).

ALP, BMP2, RUNX2, and VEGF are common osteogenesis-
related genes, and the Rt-qPCR assay was used to evaluate their
expression levels. ALP expression in the PT-1.75M-CN group
was significantly more up-regulated than in other groups after
7 days of being cultured with osteogenic induction solution
(Fig. 4f). The expression of BMP2 was similar compared with
the PT-2M-CN group (Fig. 4g), while the RUNX2 expression was
lower in the PT-1.75M-CN group (Fig. 4h). VEGF expression was
consistent in all groups (Fig. 4i). These results reveal that the
PT-1.75M-CN scaffold has an enhanced ability to promote the
osteogenic differentiation of rBMSCs compared with other
groups. These data confirmed the correlation between the cell
area and the osteogenic differentiation ability.

3.3. Invivo animal experiments

3.3.1. Micro-CT scanning and analysis. I vivo bone defect
repair testing is an important practical understanding. Based
on the cell experiments that verified biocompatibility, the
PT-M-CN bioactive porous scaffolds were implanted in the skull
defect areas of SD rats to further observe in vivo new bone
regeneration. The skulls were removed 8-12 weeks after opera-
tion (Fig. 5).

The scaffold can serve as a “bridge” for cell migration, and
osteoconductivity is also very important for the new bone
formation process. Osteoconductivity of a scaffold is conducive
to the migration of BMSCs and vascular endothelial cells from
the edge of the bone defect to the middle defect site.>” The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Construction of critical bone defect model and porous scaffold
implantation. 1: scaffold implantation; 2: aerial view of the collected
sample; and 3; upward view of the collected sample.

healing of bone tissue injury includes three stages: hematoma
organization stage, original callus formation stage, and callus
remodeling and shaping stage. And it takes about 3 months for
bone injury to reach clinical healing. Magnesium plays a vital
role in bone anabolism. Normal bone metabolism means that
osteoblasts and osteoclasts were in a state of dynamic balance.
Calcitonin gene-related polypeptide-o. (CGRP) is one of the
influencing factors of bone metabolism. Previous studies have
confirmed that magnesium can regulate CGRP and affect
osteogenesis by promoting osteoblast proliferation and
differentiation.>®**° And it could lead to bone resorption and
even lead to osteoporosis in the long term when it is lacking.
According to the micro-CT three-dimensional reconstruc-
tion and sagittal view scanning results (Fig. 6a and b), the bone
defect areas were healed to a certain extent after three months
of PT-M-CN scaffold implantation in SD rats. And it is apparent
that the defect area in PT-1.75M-CN was smaller than that in
the other groups at each time. Moreover, there were some small
bone masses in the central area of the defect 12 weeks after the
scaffolds were implanted, providing additional valid evidence
that the scaffolds can recruit stem cells and successfully
differentiate into new bone. Interestingly, new bone formation
parameter analysis results were consistent, including BV/TV,
BMD, BS/BV, and Tb.Th and Tb.Sp. Compared with the control

PT.IMCN PT-15M-CN PT-175M-CN PT-2MCN

RN

PTIMON

PLASMON

Fig. 6 Micro CT scanning and analysis of SD rat skull samples at 8 and
12 weeks after operation. (a) Sagittal view scanning of SD rat skull samples.
(b) Three-dimensional reconstruction of SD rat skull samples. (c) Bone
volume/total volume (BV/TV). (d) Bone mineral density (BMD). (e) Bone
surface/bone volume (BS/BV). (f) Trabecular thickness (Tb.Th). (g) Trabe-
cular Spacing (Tb.Sp). (n = 3; ns represents no significant difference;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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and other groups, the BV/TV, BMD, and Tb.Th of the PT-1.75M-CN
group were higher at 8 and 12 weeks (Fig. 6¢, d and f), and the
BS/BV and Tb.Sp of the PT-1.75M-CN group were smaller at
each stage (Fig. 6e and g). In addition, reviewing the previous
similar studies, the PT-1.75M-CN scaffold demonstrated a
better bone repair effect.®>®" All these results indicated that
the PT-1.75M-CN bioactive porous scaffold was more effective
at promoting bone regeneration.

3.3.2. Histological staining. The degradability of the scaf-
fold is another key factor of bone tissue growth, which assists
the osteoinduction of the scaffold and provides favorable con-
ditions for bone tissue regeneration.' The continuous degrada-
tion of bone implants can provide enough space to grow
new bone tissue.”**®* Matching scaffold degradation and bone
regeneration rates are necessary to achieve perfect bone heal-
ing.®* Further, bone tissue regeneration can provide follow-up
guarantee for the loss of support strength due to scaffold
degradation.®®

In this study, the scaffolds in all groups degraded slowly to
some extent after they were implanted for 8-12 weeks, accom-
panied by new bone tissue growth (Fig. 7). Among the scaffolds,
the degradation rate of the PT-1.75M-CN scaffold best matched
the bone defect repair process. H&E staining showed the
histomorphology of scaffold groups and non-scaffold group,
and no obvious inflammatory cell infiltration was found
around the implant (Fig. 7a).

Masson trichrome staining further confirmed the micro-CT
results. It is shown that there was only a little fibrous tissue in
the defect area of the control group. At the same time, more
new cartilage, cartilage matrix, and collagen fibers were formed
in the scaffold group (Fig. 7b). PT-1.75M-CN showed the most
significant bone regeneration, and the new bone maturity
increased.

a Control

PT-IM-CN

PT-1.5M-CN PT-1.75M-CN PT-2M-CN

PT-IM-CN PT-1.5M-CN PT-1.75M-CN PT-2M-CN

12w

Fig. 7 (a) H&E staining. (b) Masson’'s trichrome staining. FT represents
fiber tissue, COL represents collagenous fiber, SM represents scaffold
material, NB represents new bone, and HB represents host bone.
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Fig. 8 (a) Histological evaluation of the heart, liver, spleen, lungs and
kidneys. Scale bars are 200 um. (b) Evaluation of liver function index. (c)
Evaluation of kidney function index. (d) Serum Mg?* concentration of
PT-M-CN scaffolds. (ns represents no significant difference).

3.3.3. In vivo biocompatibility evaluation. The in vivo graft
must be safe and harmless to tissues. Excessive concentration of
Mg”" released after scaffold implantation may lead to toxic effects.
The safe concentration of serum magnesium toxicity in vivo is
5.4 mM.°® After the PT-M-CN scaffolds were implanted for 8 and
12 weeks, in vivo tissue biocompatibility was evaluated with blood
biochemistry and histological staining. Histological staining
showed no inflammatory cell infiltration or tissue damage in
important organs, including the heart, liver, spleen, lungs, and
kidneys, in all scaffold groups (Fig. 8a). There was no significant
difference in tissue morphology between the scaffold groups and
non-scaffold group. In addition, there was no significant difference
between the scaffold groups and the control group in terms of ALT,
CREA, and Mg>" concentrations, and the serum Mg”* concentration
of all scaffold groups is within the safe range (Fig. 8b-d). All the
results indicated that the PT-M-CN scaffold had no damage or toxic
effects on vital organs such as the liver and kidneys.

4. Conclusions

PT-M-CN porous composite scaffolds were prepared in this
study using freeze-drying technology. These scaffolds effectively
simulate the bone structure and composition and have high
porosity and appropriate mechanical strength. In vitro studies
showed that the scaffolds had good cell biocompatibility.
Among them, the PT-1.75M-CN scaffold showed the best bio-
logical performance and could best promote cell proliferation,
migration, extension, and osteogenic differentiation. In vivo
experiments showed that the PT-1.75M-CN scaffold degraded
slowly over time. New bone tissue was gradually embedded with
the continuous degradation of the scaffold to better repair bone
defects. In conclusion, the PT-1.75M-CN scaffold has signifi-
cant potential application value as a bone substitute.
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