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Purpose: Mesoporous hydroxylapatite (MHAP) might be important for bone regeneration,
and ursolic acid (UA) has anti-inflammatory effects. Accordingly, we developed, for the first
time, ursolic acid-loaded MHAP-chitosan (MHAP-CS-UA) scaffolds to treat bone defects.
Methods: In vitro, we synthesize biomaterial scaffolds. By SEM, XRD, EDS and FTIR, we
test the performance of the hybrid scaffolds. By drug release, flow cytometry, immunofluor-
escence, alizarin red staining, and Western blotting, we test the anti-inflammatory and osteo-
inductive properties of scaffolds. In vivo, we verify osseointegration ability and bone
regeneration.

Results: The MHAP is a rod-shaped structure with a length of 100~300nm and a diameter of
40~60nm. The critical structure gives the micro-scaffold a property of control release due to
the pore sizes of 1.6~4.3 nm in hydroxyapatite and the hydrogen bonding between the
scaffolds and UA drugs. The released UA drugs could notably inhibit the polarization of
macrophages to pro-inflammatory macrophages (M1 type) and promote the expression of
osteogenic-related genes (COL1, ALP and OPG) and osteogenic-related proteins (BMP-2,
RUNX2 and COLI).

Conclusion: The MHAP-CS-UA scaffolds have good anti-inflammatory, osseointegration,
osteo-inductivity and bone regeneration. And they will be the novel and promising candi-
dates to cure the bone disease.

Keywords: mesoporous hydroxylapatite, polarization, bone regeneration, ursolic acid, drug
delivery

Introduction
Craniomaxillofacial bone damage, surgery, infection and bone disease can result in
serious bone defects.'* Such defects bring with them a high economic and spiritual
burden to patients.”® Scientists and trauma surgeons seek many ways to solve these
problems, such as xenografts, allografts and autografts.”” Good postoperative out-
comes are achieved with these procedures. However, donor-site morbidity for auto-
grafts and immunogenicity for xenografts and allografts can limit their application.'%'!
Consequently, additional treatment options for bone defects are urgently needed.

This medical need can also be met with the development of improved bone repair
materials that exhibit osteoinductivity, biocompatibility and osteoconductivity.'>"

Mesoporous hydroxylapatite (MHAP) is biocompatible and osteoconductive and could
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represent such a material.'®!” After implantation of hydroxya-
patite scaffolds in vivo a carbonated hydroxyapatite layer can
form between scaffolds and host bone; however, its osteogenic
ability is insufficient for effective repair of bone defects, espe-
cially in cases of bone disease.'® Fortunately, MHAP is also
auseful drug delivery system. Its layered porous structure and
mesoporous properties provide a large surface area for adsorp-
tion of drugs. Further, as an important natural biomaterial,
chitosan (CS) is biocompatible and exhibits antimicrobial
activity.'” Functional groups, such as ~OH and ~NH, in the
CS structure could enhance drug release through hydrogen
bond interactions.”* >

Ursolic acid (UA) is a traditional medicinal plant in China
that exhibits anti-cancer, anti-inflammatory, anti-virus, anti-
bacterial, anti-diabetes, cardiovascular and anti-oxidative
properties.”>® Most studies on UA focus on signal transduc-
tion pathways, such as transforming growth factor-f/SMAD
signal transduction, mitogen-activated protein kinase and
nuclear factor kB.?”** Other studies show that UA can increase
the expression of osteoblast-specific protein by activating the
BMP-2/Smad4 or Wnt/B-catenin signalling pathway.29

Further, UA is seldom used for anti-inflammatory and osseoin-
tegration, to the best of our knowledge.”” Application of UA in
hydroxyapatite scaffolds is thus an attractive approach for
stimulating bone regeneration and osseointegration.

In this study, MHAP-CS scaffolds loaded with UA
(MHAP-CS-UA) were prepared. Initially, MHAP micro-
spheres were prepared with a hydrothermal method using
CTAB as an organic template. Next, MHAP-CS porous
scaffolds were synthesised by freeze-drying. Finally, UA
drugs were loaded into the scaffolds. We found that
MHAP-CS-UA scaffolds show good biocompatibility,
and drug release from the therapeutic scaffold significantly
inhibits the release of inflammatory factors from macro-
phages, at the same time enhances the expression of osteo-
genic genes, and accelerates the integration of new bone
and material interface and bone regeneration in vivo.

Materials and Methods
Synthesis of MHAP Scaffolds

All chemical reagents were purchased from Sigma. The
synthetic process of MHAP scaffolds follows. CTAB,
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0.251 mg (mCTAB/(theoretical output mCas(PO,);.0H)
*100 = 5%) was dissolved in 100 mL deionised water,
with stirring for 10 minutes, then placed into a 90°Coil
bath. Next, (NH4),HPO, (4.0018 g, 0.03 mol) was dis-
solved in the CTAB solution, with stirring for 20 minutes
at 280 r/min to generate a 0.05 M solution. After 20
minutes, pH of the solution was adjusted to 10.5 with
ammonia water.

Separately, 11.9268 g (0.05 mol) Ca(NOs).2.4 H,
O was dissolved in pure water to prepare 100 mL of
a 0.3 M solution. The pH of the solution was adjusted to
10.5 with ammonia water. The CTAB solution in the
previous step was slowly dripped into this solution over
about 40 minutes. The whole process kept the pH of 10.5
unchanged. After mixing solutions, the mixture was stirred
for 2 hours at 280 r/min, and then aged at 90°C for 12
hours. Product was washed with deionised water to neu-
tralise and then washed 1 or 2 times with ethanol. Next, it
was dried at 80°C for 24 hours, then ground. Finally, the
product was calcinated by increasing the temperature by
2°C per minute to 900°C. This temperature was main-
tained for 4 hours, and the product was allowed to cool
naturally to room temperature and then ground again.

Synthesis of MHAP-CS Hybrid Scaffolds

Two grams of CS were dissolved in 50 mL of 2 vol% acetic
acid solution (1:25) and stirred mechanically at 320 r/min for 3
hours until completely dissolved. Next, 2 g of MHAP was
slowly added to the CS solution, with stirring and dispersing
for 2 hours (mass ratio: MHAP:CS = 1:1). The dispersed and
uniform solution was transferred to a 24-mesh cell culture
medium and placed in the magnetic field of a —20°C refrig-
erator for 24 hours. The mixture was then cooled to —56°C over
the course of about 4 hours and freeze-dried under <10 Pa
vacuum. The process took about 96 hours in winter and 72
hours in summer. Product was immersed in 10 wt% NaOH
solution for one day, repeatedly washed to a pH of 7. Washing
continued for 5 days, with water changes three times a day).
Product was then freeze-dried again over about one day.
Finally, the preparation of MHAP-CS composite scaffolds
was obtained by cutting brittle fracture in liquid nitrogen.

Drug Loading-Release Tests of
MHAP-CS-UA Hybrid Scaffolds

Initially, UA powder was dissolved in solvent to create
a 1 mg/mL solution. Next, 2.2835 mL of this solution was
added to a 50-mL volumetric flask, and anhydrous ethanol

was added to volume to prepare a 100 umol UA solution.
The prepared UA scaffold material (1 pM) is used for
sustained drug release. The scaffold material (5 pM, 10
puM) functions as described above.

The release test for MHAP-CS-UA (1 uM, 5 uM, 10
pM) drug scaffold material using immersion of scaffold
with the drug in 5.0 mL of phosphate buffer solution
(PBS), at normal temperature and an oscillation at
80 rpm. We extracted 1.0 mL of the above solution at
different time points (3, 6, 9, 12, 24, 48 and 72 h) while
adding back an equal volume of PBS solution. Finally, the
corresponding drug concentration was analysed by high-
performance liquid chromatography (HPLC, Agilent
1100, US).

Material Characterization

Morphology of MHAP microspheres and MHAP-CS com-
posite scaffolds were examined using scanning electron
microscopy (SEM) and characterised by energy dispersive
spectroscopy (EDS). The study used transmission electron
microscopy to assess nano-mesoporous structures micro-
spheres. Also, the porous structure of MHAP was evalu-
ated with an automatic surface area and porosity analyser
at 80 K. Pore size distribution was calculated with the
Barrett—Joyner—Halenda method. Phase compositions of
MHAP-CS and MHAP-CS-UA composite scaffolds were
analysed by X-ray powder diffraction (XRD; D/Max III C,
Japan). Finally, Fourier transform infrared spectroscopy
was used to identify functional groups on MHAP-CS and
MHAP-CS-UA composite scaffolds.

Cell Viability and Attachment

MC3T3-El cells were purchased from the Shanghai
Institute of Biological Sciences, Chinese Academy of
Sciences and human bone marrow mesenchymal stem
cells (HBMSCs) from Shanghai Rochen Biotechnology
Co., Ltd. (Shanghai, China). Cells were cultured in 10%
fetal bovine serum and 1% penicillin/streptomycin med-
jum at 37°C, and 1x10* MC3T3-E1 cells were seeded into
96 well plates. After 24 hours, the medium was replaced
with MHAP-CS or MHAP-CS-UA scaffold extract. A cell
counting kit-8 was cultured for 1 day, 2 days and 3 days.
hBMSCs were used as a model to detect adhesion of cells
on different scaffolds. Each scaffold was inoculated with
1x10* hBMSCs into 24-well plates. hBMSCs were cul-
tured for 12 hours and washed with phosphate. Buffered
saline (PBS) with 2.5% glutaraldehyde was added to fix
cells. After 20 minutes, hBMSCs were washed three times
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with PBS. Samples were dehydrated with increasing etha-
nol concentrations, 75, 85, 95 and 100%. Finally, the
morphology of hBMSCs was characterised by SEM; FEI,
Thermo Fisher Scientific, Inc.) on the scaffold with
a magnification of 10 kV.

In vitro Tests of Osteogenic Capability
Differentiation of hBMSCs is based on alkaline phosphor-
ylation (ALP, Renbao, Shanghai, China) and alizarin red
staining (AR, Sigma-Aldrich). 1 x 10* hBMSCs were
inoculated into 24-well plates. After 24 hours, medium
was replaced with medium containing MHAP-CS, MHAP-
CS-UA scaffolds. After 7 and 14 days of culture, hBMSCs
were immobilised with 4% paraformaldehyde. Fixed cells
were washed three times with PBS and stained with ALP
and AR kits. Residual substance was washed out with
PBS. Finally, stained samples were photographed by an
inverted phase-contrast microscope.

The expression levels of osteogenesis-related genes
and macrophage polarization marker genes, including
alkaline phosphorylation (ALP), collagen 1 (COL1) and
osteoprotegerin (OPG) were detected by real-time quanti-
tative polymerase chain reaction RT-PCR. 4x10° MC3T3-
El cells were seeded in a 6-well plate containing the
extract of the above scaffold material. Seven days later,
total RNA was collected using a RNeasy Mini kit (Qiagen,
Inc., Valencia, CA, USA) and reverse transcribed into
cDNA (Takara Bio, Inc., Otsu, Japan). An SYBR Premix
Ex Taq kit (Takara Biotechnology Co., Ltd.) and an ABI
7500 Sequencing Detection System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) was used to perform qPCR.
(GAPDH)

gene expression was used as a standard reference, the

Glyceraldehyde-3-phosphate  dehydrogenase

following thermocycling conditions were used: 40 cycles
of denaturation at 95°C for 5 s and amplification at 60°C
for 24 s. Data were quantified with the 24" method. All
the above steps are in accordance with the instructions of
the reagent manufacturer. The PCR primers were:
GAPDH forward 5'-CACCACCATGGAGAAGGC
CG-3'
and reverse 5'-ATGATGTTCTGGGCAGCCCC-3’
OPG forward 5'-CGAGCGCAGATGGATCCTAA-3’
And reverse 5'-CCACATCCAACCATGAGCCT-3'
Coll forward 5'- GCTCCTCTTAGGGGCCACT-3’
And reverse 5- CCACGTCTCACCATTGGGG-3'
ALP forward 5'- CATCATCATGTTCCTGGGAG-3'
And reverse 5'- GACCTGAGCGTTGGTGTTGT-3’

MC3T3-El cells were cultured in the medium with
MHAP/CS or MHAP-CS-UA scaffolds to measure the
expression of osteoblast-related proteins (BMP-2, COLI1,
RUNX2, Smad1/5). Raw 264.7 culture method was similar
to the above. The antibodies were Arg-1, CD206 and
P-STAT from CST. Protein was extracted from the radio-
immunoprecipitation assay (RIPA) lysis buffer (cat. no.
C500005; Sangon Biotech Co., Ltd.) containing 1 pM
protease inhibitor. Then centrifuge at a speed of
12,000 rpm for 10 minutes. The bicinchoninic acid assay
(BCA) was used to measure corresponding protein con-
centration. Gel electrophoresis was carried out with SDS-
PAGE and transferred to PVDF membranes and blocked
with 5% milk for 1 hour. Membranes and primary anti-
body were incubated overnight at 4 degrees. Membranes
were washed with PBS three times and incubated with
a second antibody coupled with horseradish peroxidase
for 1 hour. Finally, horseradish peroxidase-conjugated sec-
ondary antibodies reactivity was detected using the
Odyssey infrared imaging system (LI-COR Biosciences,

Lincoln, NE, USA).

Flow Cytometry

Raw 264.7 seeds at a density of 4x10° seeded in 6 well
plates. By flow cytometry, macrophage subpopulation
markers CD16/32 (M1) and CD206 (M2) for the assess-
ment of different phenotypes. The Mouse CD16/32 PE and
the Mouse CD206 Alexa 647 were incubated separately
according to the manufacturer’s instructions. Finally, they
were analysed on a Guava flow cytometer (Millipore).
Data were analysed using guavaSoft 3.1.1 software.

In vivo Tests of Osteogenic Capability

The Animal Research Committee of the Ninth People’s
Hospital Affiliated to the Medical College of Shanghai
Jiao Tong University approved all animal experiments,
and followed with nation standard GB/T 35892-2018
“Laboratory animal—Guideline for ethical review of animal
welfare”. In the process of performing animal experiments,
all operations related to animal welfare and treatment are
carried out in accordance with the “Chinese Animal
Management Regulations” promulgated by the National
Science and Technology Commission of the People’s
Republic of China. Fifteen Sprague-Dawley female rats
(200-250 g) were selected. A bilateral critical size skull
defect model was used to evaluate bone regeneration. The
diameter and height of bone defects were 5 mm and 2 mm,
respectively. MHAP-CS and MHAP-CS-UA stents (n = 5)
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were filled in the defect area, and the scalp was sutured.
Multicolour continuous fluorescence labelling was used to
characterise the formation and mineralisation of new bone.
AR (30 mg/kg, Sigma-Aldrich) and calcein (30 mg/kg,
Sigma-Aldrich) were injected intraperitoneally to label the
animals three and 21 days before euthanasia. Animals were
euthanised after twelve weeks. The bilateral critical size
skull defects were isolated from the surrounding tissues.
Samples were immersed in formalin solution buffered by
4% phosphate for 7 days, and then assessed with a micro
CT system (Skyscan 1072; Skyscan, Aartselaar, Belgium).
The parameters are set to 90 KV voltage, 88 uA current and
28 um voxel size. After scanning, 3D images were recon-
structed. Bone healing was evaluated by calculating bone
mineral density (BMD) and new bone mass/tissue volume
(BV/TV). Undecalcified samples were embedded in poly-
methyl methacrylate. The sagittal section of the skull was
cut 150 mm thick with a slicer (Leica, Hamburg, Germany).
Multicolour continuous fluorescence labelling (Leica,
Heidelberg, Germany; alizarin red: 543/580-670 nm, cal-
cein: 488/500-550 nm) was observed with confocal laser
scanning microscopy. The mineralisation rate was quanti-
fied by brightness analysis based on different colour bands.
Soft tissue around the skull was removed and immersed in
10% EDTA for 30 days, then embedded in paraffin.
Histological sections were prepared for Masson staining,
immunohistochemistry and immunofluorescence for IL-
Ibeta, IL-6, TNF-alpha, Inos, Arg-1, BMP-2, COL-I,
RUNX2 and OPG protein expression. Finally, sections
were examined using light microscopy (magnification,
x10). Images were analysed using Image-Pro Plus 6.0
(Media Cybernetics, Inc., Rockville, MD, USA).

Statistical Analysis

All data were expressed as means = standard deviation (SD)
and were analysed using one-way ANOVA. *p < 0.05 was
considered statistically significant.

Results and Discussion
Morphologies and Structures of MHAP

Nanoparticles

As shown in Figure 1A and B, MHAP was a short rod-like
structure with a length of 100-300 nm and a diameter of
40-60 nm. Figure 1C shows the N2 adsorption desorption
isotherms of the MHAP nanoparticles. The mesopore sizes
were mainly distributed at approximately 2.2~23.3nm,
pore size distribution was calculated with the Barrett—

Joyner—Halenda method (Figure 1D). The mesoporous
structure of MHAP nanoparticles provided good basic
conditions for material degradation and drug loading.
MHAP had great application potential as an engineering
material for bone tissue repair, but its osteo-inductivity and
osseointegration needed to be improved, so as to better
meet the clinical needs.>** Considering that MHAP had
the ability to load drugs, we chose to load UA into it. The
UA drug was extracted from many plants such as the
whole grass of the Labiatae plant, Prunella vulgaris, and
the leaves of the holly, holly, iron holly leaves.”®> The UA
is a triterpenoid compound found in natural plants and has
effects
inﬂammatory,35 antibacterial,36 and i1mmune defense

many biological such as sedative,”® anti-
responses.’’ The Ursolic acid (UA), also promote osteo-
blast differentiation and new bone formation.

Morphology and Structures of MHAP-CS
Hybrid Scaffolds

If the usual mode of administration, such as oral or intra-
venous, is used, the biological activity of the drug may be
difficult to achieve maximum efficiency. Here, we first
created the MHAP-CS-UA composite scaffold as the
drug delivery system for UA. The MHAP-CS scaffold
was prepared by freeze-drying using MHAP nanoparticles
and CS as raw materials. Interestingly, MHAP-CS scaf-
folds exhibited a three-dimensional interconnected macro-
of 100-300 pm
(Figure 2A). Surfaces of the scaffolds were inlaid with

porous structure with pore sizes
many evenly distributed rod-like structures of MHAP
powder (Figure 2B and C). The Ca, and P elements origi-
nated from MHAP nanoparticles; the C element originated
from CS; the O element originated from both MHAP and
CS. C element distribution

Figure 2D, Ca element distribution images in Figure 2E,

images are shown in
O element distribution images in Figure 2F, and P element
distribution images in Figure 2G. An electron microscope
scan image of the surface of the MHAP-CS scaffold is also
included (Figure 2H). A merged image of the above ele-
ments was prepared (Figure 2I).

EDS of the MHAP-CS hybrid scaffolds indicated that
the main chemical elements included C, Ca, O and
P (Figure 2J). XRD patterns and the FTIR spectra of
MHAP nanoparticles, CS powders, MHAP-CS and MHAP-
CS-UA hybrid scaffolds are provided in Figure 2K and L.
MHAP-CS and MHAP-CS-UA contained MHAP diffrac-
tion peaks. CS was a semi-crystalline material, and its
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Figure | Characterization of MHAP nanoparticles: (A) SEM image; (B) TEM image;

diffraction peak was located at 260 = 28.01°. Moreover,
FTIR spectra indicated an OH group located at around
3440 cm™'. For the CS powders, MHAP-CS and MHAP-
CS-UA scaffolds, the band at about 2920 c¢cm ' corre-
sponded to CH, and CH stretching vibrations. The band at
1550 cm'
Bending vibrations of phosphate (PO43-) groups were
located at 566 and 602 cm !, and bands due to stretching
vibrations were located at 1093 and 1031 cm™'. The band at
1384 cm™' is an interference peak of the instrument.

was assigned to N-H bending vibration.

Drug Release Property of MHAP-CS-UA

Therapeutic Scaffolds

The MHAP-CS scaffold has outstanding performance as
a carrier, which is mainly related to its special structure.
The MHAP-CS composite scaffold has interconnected
macroporous structure with pore sizes of approximately

233

22 10.0

0.002

0'001 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50

Pore Diameter, nm

60

(C) N2 adsorption—desorption isotherms; and (D) BJH pore size distribution curve.

100~300 pum, which were originated from the sublimation
of frozen solvent during the freeze-drying process
(Figure 2A). These mesoporous structures are the locations
where the drug is loaded. In addition, within the MHAP
nanoparticles, N2 adsorption desorption isotherms proved
the existence of mesopores in MHAP nanoparticles. The
mesopore size is mainly distributed in about 2.2~23.3nm.
The mesoporous structure of MHAP nanoparticles pro-
vided good basic conditions for material degradation and
drug loading (Figure 1). MHAP nanoparticles are widely
and evenly distributed in the scaffold material (Figure 2B
and C). In addition, many of the polar functional groups
present in the MHAP-CS composite scaffold can adsorb
drug molecules on the surface of the scaffold by hydrogen
bonding, thereby achieving controlled drug release
(Figure 2K and L). Therefore, we design different concen-

trations of scaffold materials for drug release experiments.

https:
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Figure 2 (A) Low-resolution SEM image; (B and C) high-resolution SEM image; (D-I) C, Ca, O and P element distribution image; (J) EDS pattern; (K) XRD patterns and (L)
FTIR spectra of MHAP nanoparticles, CS powders, MHAP-CS and MHAP-CS-UA hybrid scaffolds.

Different concentrations of UA and MHAP-CS were made
into composite scaffolds with different drug concentra-
tions. In the drug release test, MHAP-CS-UA (1uM),
MHAP-CS-UA (5uM) and MHAP-CS-UA (10Mm) were
immersed in PBS, and the corresponding drug concentra-
tions were determined by high performance liquid chro-
matography. Characterization. All samples showed similar
drug release trends (Figure 3A). The UA drug is rapidly
released from the drug carrier within 24 hours, and the
release rate begins to decrease over time. After 72 hours,
the UA drug concentrations released from MHAP-CS-UA

and MHAP-CS-UA
and 0.342uM,

(1uM), MHAP-CS-UA (5uM),
(10uM) reached 0.033uM, 0.171uM,
respectively (Figure 3B-D).

In vitro Cytocompatibility and
Osteo-Inductivity of MHAP-CS-UA
Therapeutic Scaffolds

We applied proliferation and cell adhesion assays to
detect the biocompatibility of MHAP-CS-UA scaffolds.
The proliferation ability of the cells was examined by

International Journal of Nanomedicine 2021:16

5307

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yu et al

Dove

Cumulative release ratio,%

0.0010

0.0008

0.0006

0.0004

0.0002

Cumulative release(umol) O

0-0000 L 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time, h

0.00020

0.00015

0.00010

0.00005

Cumulative release(umol)

0.00000 1 Il 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time, h

0.0020

H
M

0.0015

0.0010

0.0005

Cumulative release(umol)

0-0000 1 1 1 1 1 1 1
0 10 20 30 40 S50 60 70 80

Time, h

Figure 3 The release of drugs at different concentrations. (A) The cumulative drug release ratios for different MHAP-CS-UA scaffolds. (B) MHAP-CS-UA (IuM), (C)

MHAP-CS-UA (5uM) and (D) MHAP-CS-UA (10uM).

co-culture with MC3T3-E1 cells using different concen-
trations of samples. The results obtained by the CCK-8
method (Figure 4A) showed that the all groups were
active. This result demonstrates that the UA released
by the MHAP-CS-UA treatment scaffold is less toxic
to MC3T3-E1 cells. However, they could promote the
proliferation of MC3T3-El cells. By scanning electron
microscopy, we found that hBMSC was evenly distrib-
uted on the MHAP-CS and MHAP-CS-UA scaffold
(Figure 4D), indicating that the MHAP-CS-UA scaffold
has excellent cell compatibility.

Alkaline phosphatase essential for early bone formation
and is a major component of extracellular matrix mineralisa-
tion. Uptake of calcium into nodules is also a sign of bone
mineralisation. ALP staining and AR staining images of
hBMSCs after 7 days and 21 days of treatment in the
blank control group, MHAP-CS and MHAP-CS-UA groups
is shown in Figure 4B and C. The order of the osteogenesis
and bone mineralisation ability shown in these three groups
is MHAP-CS-UA > MHAP-CS > and blank.

The expression levels of the ALP, RUNX2 and COL1
proteins were analysed using MHAP-CS and control scaf-
folds as controls group to evaluate the osteoinductive
effect of the MHAP-CS-UA scaffold (Figure 4E). The
results showed that the expression of osteogenic related
proteins was upregulated compared to the control group.
In addition, the MHAP-CS-UA group also exhibited
higher levels of expression of P-Smad1/5 than the control
group. Similar results were obtained at the gene level
(Figure 4F-H), and expression levels of ALP, COL1 and
OPG in the MHAP-CS-UA group were upregulated com-
pared to control and the MHAP-CS group.

In vitro Activate the Polarization of M2
Macrophages of MHAP-CS-UA

Therapeutic Scaffolds

Figure 5A-H shows the polarization of macrophages
mediated by different processing factors by using flow
cytometry. Figure 5A, b, c respectively represented
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Figure 4 In vitro osteo-induction experiments on scaffolds. (A) CCK-8; (B and C) ALP staining and alizarin red staining; (D) scanning electron microscope (SEM) of
scaffolds; (E) detect protein expression level by Western blot; (F=H) detect gene expression level by PCR. *P<0.05, **P<0.01.

Control (LPS), MHAP-CS (LPS+MHAP-CS extract) and
MHAP-CS (LPS+MHAP-CS-UA extract). From the
results of statistical analysis, UA released from the scaf-
fold material obviously inhibited the process of macro-
phages polarization to M1 type (Figure 5D).
Figure 5E-H show that the MHAP-CS-UA scaffold

material promote the differentiation of macrophages into
M2 type. By Western blot, MHAP-CS-UA scaffold acti-
vated the polarization of M2 macrophages by activating
the P-STAT6 signaling pathway (Figure 51-L).

To summarize the in vitro experiments, UA released
from the MHAP-CS-UA scaffold activated the polarization
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of M2 macrophages by activating the P-STAT6 signaling
pathway. M2 type macrophages had anti-inflammatory
effects and could produce anti-inflammatory factors, such
as IL-10 and arginase 1 (Arg-1). And it would promote the
integration of bone and material. When the scaffold was
filled on the surface of the bone defect, the macrophages
would accumulate to activate the immune response, promote
the polarization of the macrophages to the M1 type, and
release inflammatory factors. At this time, the release of UA
in the scaffold material could inhibit the polarization process
of M1 macrophages.

Next, the MHAP-CS-UA scaffold entered the bone
repair process. ALP staining and AR staining confirm
that the MHAP-CS-UA composite scaffold exhibits super-
ior ability to promote osteoblast differentiation
(Figure 4B). Specific protein expression related to osteo-

blast differentiation was significantly upregulated by the

MHAP-CS-UA composite scaffold (Figure 4E). Moreover,
UA can also play a role in the regulation of bone forma-
tion via the BMP-2/Smad1/5 and the Wnt/B-catenin sig-
nalling pathways. Further, the expression of BMP-2 and
P-Smad1/5 is higher in MHAP-CS-UA than in MHAP-CS.
Similar results were verified for RUNX-2 and COL1.

In vivo Bone Regeneration Property of
MHAP-CS-UA Therapeutic Scaffolds

The MHAP-CS-UA scaffold was evaluated for bone regen-
eration by establishing a rat skull defect model (Figure 6).
Three-dimensional reconstruction of CT images showed that
after 12 weeks of establishment of the rat skull defect model,
no new bone formation was observed in the blank control
group and some new bone formation was evident in the
MHAP-CS and MHAP-CS-UA groups (Figure 6A).
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Quantitative results show that MHAP-CS-UA has an three groups in the following order: MHAP-CS-UA group >
increase in volume and density of new bone formation MHAP-CS group > blank group (Figure 6C).

compared to MHAP-CS (Figure 6B). In addition, different Micro-CT showed that the bone regeneration ability
bone mineral density (BMD) values were detected in the  was significantly enhanced in the MHAP-CS-UA group.
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Figure 6 In vivo osteogenic activity of scaffolds. (A) Micro-CT images of calvarial defects model; (B) new-bone volume/tissue volume (BV/TV); (C) morphometric analysis of
bone mineral density (BMD). *P<0.05, **P<0.01.
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Control

MHAP-CS

MHAP-CS-UA

Figure 7 By immunofluorescence and immunohistochemistry, observed iNOS, Arg-1, IL-Ip, IL-6 and TNF-a in the control group, MHAP-CS group and MHAP-CS-UA
group. The first row of red arrows represents the iNOS protein, and the second row of red arrows represents the Arg-1 protein.

Next, we considered whether the macrophages in the
material also changed. Therefore, we did immunofluores-
cence and immunohistochemistry. The immunofluores-
cence of INOS and Arg-1 proteins in tissue sections
under different groups are shown in Figure 7. Compared
to the control group, the expression of iNOS in the
MHAP-CS-UA group was significantly inhibited. While
the expression of Arg-1 in the MHAP-CS-UA group was
significantly increased. Next, we continue to do immuno-
histochemical experiments on inflammatory factors on
the above sections. Compared to the control group, the
expression of IL-1pB, IL-6 and TNF-a in the MHAP-CS-
UA group were also significantly inhibited.

Histomorphometry of new bone formation and miner-
alization with alizarin red and calcein fluorescence showed
that the average distance between the MHAP-CS and
MHAP-CS-UA groups were greater than that of the con-
trol group (Figure 8A and B). The above conclusions
confirmed that the mineralization rate of the MHAP-CS-
UA group (6.12 = 0.21um/day) was higher than that of the
vehicle group (4.24 £ 0.25um/day) and the blank group
(2.11 £ 0.16pum/day). In addition, Masson staining showed
that the blank group showed a large amount of fibrous
tissue and a small amount of newly formed bone around
the defect site, while the MHAP-CS-UA and MHAP-CS

scaffold were more collagen and new bone formation
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(Figure 8C). Compared with the MHAP-CS group, the
new group had more new bone, suggesting that the
released UA can promote the mineralization of the osteo-
genic tissue.

Osteoblast-associated protein expression in scaffold
materials was detected by immunohistochemistry. We per-
formed immunohistochemistry using tissue sections from
each of the control group, MHAP-CS group and MHAP-
CS-UA group (Figure 8D). The osteogenic related proteins
(OPG, RUNX-2, COL1, BMP-2) were detected. We found
that the expression of MHAP-CS-UA proteins (OPG,
RUNX-2, COL1, BMP-2) were significantly higher than
that of the MHAP-CS group. In addition, protein expres-
sion in the MHAP-CS group was also significantly
enhanced compared to the control group. This further

A B

MHAP-CS MHAP-CS-UA

Control

Alizarin red

Merge

Cc

Control

1X B

showed that MHAP-CS-UA would promote bone repair
by releasing UA.

Conclusion

The schematic diagram of the entire manuscript is shown
in graphical abstract. In summary, the concept behind
MHAP-CS-UA treatment scaffolds are: (i) synthesis of
a mesoporous MHAP scaffold; (ii) use of this scaffold
for preparation of a drug carrier, MHAP-CS; (iii) forma-
tion of a drug-loaded MHAP-CS-UA that regulates the
polarization of macrophages by activating the P-STAT6
signaling pathway, and then transition to the process of
bone regeneration. A porosity of ~100 pum promotes
regeneration of collagen and differentiation of new bone

tissue. Hydrogen bonding between the mesoporous

8
e[ ok

1
4 T

Mineraliation rate (MAR: pm/d)

Control MHAP-CS MHAP-CS-UA

Control MHAP-CS

MHAP-CS-UA

BMP-2

COL-1

OPG

RUNX-2

Figure 8 (A) The green and red lines represent the 3 weeks and 3 days before euthanasia, respectively. The last line is the merged images; (B) mineralization rate (the
average distance between two lines divided by the number of days); (C) by Masson’s trichrome staining, histomorphological analysis for determining newly formed bones
(blue) and collagen components (red). (D) By immunohistochemistry, observed BMP-2, COL |, OPG and RUNX-2 in the control group, MHAP-CS group and MHAP-CS-UA

group. *P<0.05, **P<0.01.
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structure and polar group in the scaffold enhances the

controlled release of UA. UA in the vector significantly

enhances the expression of genes and proteins related to

new bone formation and differentiation. The rat skull

defect model

extends findings to in vivo realm.

Therefore, the MHAP-CS-UA treatment exhibits overall
good performance. It is important for stimulating osteo-

genic differentiation and new bone regeneration after

injury or for treatment of disease.
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