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The treatment of bone defects is a difficult problem in orthopedics. The excessive destruction of local bone tissue
at defect sites destroys blood supply and renders bone regeneration insufficient, which further leads to delayed
union or even nonunion. To solve this problem, in this study, we incorporated icariin into alginate/mineralized
collagen (AMC) hydrogel and then placed the drug-loaded hydrogel into the pores of a 3D-printed porous tita-
nium alloy (AMCI/PTi) scaffold to prepare a bioactive scaffold with the dual functions of promoting angiogenesis
and bone regeneration. The experimental results showed that the ACMI/PTi scaffold had suitable mechanical
properties, sustained drug release function, and excellent biocompatibility. The released icariin and mineralized
collagen (MC) synergistically promoted angiogenesis and osteogenic differentiation in vitro. After implantation
into a rabbit radius defect, the composite scaffold showed a satisfactory effect in promoting bone repair.
Therefore, this composite dual-functional scaffold could meet the requirements of bone defect treatment and
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provide a promising strategy for the repair of large segmental bone defects in clinic.

1. Introduction

The repair of large segmental bone defects caused by bone tumors,
severe trauma, and other diseases has always been a clinical challenge in
orthopedics. The blood supply to the bone defect site is typically
severely damaged in these scenarios, and bone regeneration ability is
relatively insufficient, leading to an increased risk of delayed healing or
even bone nonunion [1,2]. At present, the treatment methods commonly
used in clinical for bone defects include allografting and autografting [3,
4]. However, these methods have some disadvantages. Autografting is
limited by the size of the bone defect and may damage the donor site. In
comparison, allografting is relatively expensive and can lead to immu-
nological rejection [5,6]. Therefore, it is of great clinical significance to
develop a new bone graft that can promote bone regeneration without
obvious side effects. In recent years, bone tissue engineering (BTE) has
developed rapidly in scientific fields, and has provided a variety of
effective treatments for orthopedic diseases. The treatment of large
segmental bone defects in clinic is mainly traditional bone grafting, and
these methods have certain limitations and disadvantages. Therefore, it
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is of great clinical significance to develop a bone replacement material
with both excellent biological and mechanical properties for the repair
of bone defects.

Angiogenesis is crucial for the repair of bone repair. Previous studies
have shown that the destruction of local blood supply leads to a signif-
icant increase in the incidence of bone nonunion. Local blood supply can
provide essential cells and growth factors for bone regeneration, and
some special types of vascular endothelial cells, such as type H vascular
endothelial cells, can also provide localization signals for osteoblasts [7,
8]. Compared with single-function drugs, the dual-functional system
with promoting osteogenesis and angiogenesis can promote the repair of
bone defects more effectively [9]. Icariin is a flavonoid glycoside iso-
lated from epimedium, confirmed to have the ability to promote
osteogenesis and angiogenesis [10]. Therefore, using icariin as a func-
tional molecule to modify the surface of 3D-printed titanium alloy
scaffolds is a suitable modification strategy. However, the use of icariin
requires a suitable carrier material. Otherwise, the drug is released in a
locally explosive manner and causes a localized high concentration,
making it difficult for the drug to play a biological role [11].
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The extracellular matrix of bone is mainly composed of collagen fi-
bers and hydroxyapatite (HA) arranged orderly along the former, which
is very important for the proliferation of cells and osteogenic differen-
tiation. Hydrogels with extracellular matrix structure in BTE also have
obvious positive effects on cell growth and proliferation [12]. However,
the degradability and drug release ability of mineralized collagen (MC)
cannot match the growth cycle of bone tissue, so it is not suitable for
being used as a drug carrier alone. Alginate is a natural linear poly-
saccharide extracted from oceanic brown algae and the excellent
biocompatibility make it become an ideal material for BTE. Alginate
combined with mineralized collagen (AMC) can produce exquisite
mineralized structure and accelerate the mineralization process of HA
on collagen fibers. Alginate can also enhance the mechanical properties
and optimize drug release ability of MC by crosslinking with Ca?' to
form a coarse fiber network [13]. However, high molecular alginate
used in BTE cannot be metabolized in vivo, which is not conducive to the
growth of bone tissue. Recent studies have found that low molecular
weight alginate (25-50 kDa) solves this problem because it has better
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bioactivity and degradability and keep its basic physical and chemical
properties [14]. Therefore, in this study, the improved AMC hydrogel
with low molecular weight alginate was used as the loading and sus-
tained release system of icariin.

Simple hydrogel cannot provide enough mechanical support for bone
defect, so it is necessary to combine materials with sufficient mechanical
strength. In recent years, the development of 3D printing technology has
brought about a new strategy for the preparation of bioactive scaffolds
in BTE [15]. A variety of materials, such as HA, polylactic acid, poly-
caprolactone, and many metals, can be used to prepare 3D-printed
scaffolds [16,17]. Among these materials, titanium alloy scaffolds
have become a common implant in orthopedics because of their good
biocompatibility, mechanical properties, and corrosion resistance [18].
Scaffolds with specific size, structural shape, and porosity can be
fabricated using 3D printing technology to match and fill the size and
shape of bone defects. In addition, titanium alloy scaffolds can provide
mechanical support in the bone defect area, improving the stability of
bone defect sites and facilitating the growth of bone tissue [19,20]. By
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Scheme. 1. Preparation process and biological functional mechanism of the AMCI/PTi scaffold.
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designing titanium alloy scaffold with micropore structure, the elastic
modulus is similar to that of human cancellous bone, and the problem of
stress shielding of implant can be avoided. In addition, the titanium
alloy scaffold with microporous structure can not only facilitate the
growth of bone tissue, but also enhance the bone formation ability by
loading bioactive materials. It is a suitable improvement strategy to
combine 3D-printed porous titanium scaffolds with hydrogel to release
drugs locally [21].

In this study, a composite dual-functional scaffold capable of pro-
moting bone regeneration and angiogenesis was prepared by combining
icariin-loaded AMC hydrogel and a 3D-printed titanium alloy (AMCI/
PTi) scaffold (Scheme 1). The vitro experiments were performed to study
the physicochemical characteristics, drug release process, biocompati-
bility, osteogenic differentiation, and angiogenic properties of this
scaffold. In addition, the AMCI/PTi scaffold was implanted into a large
segmental radius defect model to evaluate the effect on bone repair in
vivo.

2. Materials and methods
2.1. Materials

TigAl4V powder was purchased from AK Medical Co., Ltd, Beijing,
China. Icariin and type I collagen were purchased from Yuanye Bio-
Technology Co., Ltd. Shanghai, China. NapHPO4, CaCly, and NaOH
were purchased from Macklin Biochemical Technology Co., Ltd.,
Shanghai, China. Alginate was purchased from Aladdin Biochemical
Technology Co., Ltd, Shanghai, China, and its molecular weight ranged
from 25 kDa to 50 kDa. Matrigel was purchased from Corning Incor-
porated, New York, USA. The well plates used for cell experiments were
purchased from Corning Incorporated, New York, USA. The low-glucose
DMEM medium, RPMI-1640 medium, fetal bovine serum, penicillin,
streptomycin, and 0.25 % EDTA were purchased from Gibco, Grand Is-
land, New York, USA.

2.2. Preparation of AMCI/PTi scaffold

We designed the parameters of the scaffold needed for the experi-
ment by collecting the data of rabbit radius and made the porous tita-
nium alloy scaffold by selective laser melting. The titanium alloy
scaffolds used for in vivo experiments were long cylinders (¢ = 3.5 mm
x L = 20 mm), and the titanium alloy scaffolds used for in vitro exper-
iments were disks (¢ = 10 mm x L = 3 mm). Other parameters of the
titanium alloy scaffolds used in the experiment were as follows: porosity
=75 %, pore size = 600 pm, and strut size = 300 pm. Then, we designed
two models of titanium scaffolds and the model data were transferred to
a 3D printer (Stratasys, Eden Prairie, MN) to print these scaffolds used
TigAl4V powder with the average particle diameter of 15-45 pm. The
laser power, scanning speed and layer thickness were 90 W, 700 mm/
min and 25 pm respectively. The process of scaffold printing was carried
out in high-purity argon atmosphere and the oxygen was kept below 80
ppm. All the prepared titanium alloy scaffolds were ultrasonically
cleaned in acetone, ethanol and deionized water for 60 min three times,
and then the scaffolds were autoclaved at 121 °C for 20 min. The scaf-
folds were put into a constant temperature oven at 60 °C to dry, and then
they were taken out and exposed to ultraviolet light.

In this study, the AMC hydrogel was prepared using biomimetic
mineralization. First, type I collagen was dissolved in acetic acid (0.3 M)
to form a solution (7 mg/mL). Then, NasHPO4 (1.2 M) solution and
icariin were added to the collagen solution. The final concentrations of
PO3~ and icariin were 20 mM and 1 nM, respectively. The appropriate
amount of CaCl, (2 M) solution was added to attain a Ca/P ratio of 1.67.
After stirring the mixed solution, the appropriate amount of NaOH so-
lution was added to bring the pH value to between 7.35 and 7.45. The
prepared titanium scaffold was added into the collagen solution after
cleaned by ultrasonic and sterilization. Then, sodium alginate was added
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to the mixture to stimulate the formation of AMC hydrogel, and the
weight ratio of alginate/collagen was 1:1. After stirring evenly, the
mixed solution formed hydrogel and the AMCI/PTi scaffold was
finished. In addition, the 3D-printed titanium alloy scaffolds filled with
AMC hydrogel (AMC/PTi) without icariin were prepared using the same
protocol as the control group.

2.3. Characterizations of AMCI/PTi scaffold

After sputtering gold, the surface micropore structure of the scaffold
was observed by SEM (Hitachi, Hitachi SU-8100, Japan) at an acceler-
ated voltage of 20 kV, and the magnification was 50-20,000 times. Then
EDS (FEI, TECNAI G2 F30, USA) was used to determine the chemical
composition of the AMCI/PTi scaffold and the element distribution on
the surface of the scaffold. In addition, the chemical structure of the
AMCI/PTi scaffold was analyzed using a Fourier transform infrared
spectrometer (NICOLET380, Boston, MA, USA), and the wavenumber
range was 4000-400 em L.

To evaluate the viscoelastic behavior of the AMC with icariin (AMCI)
hydrogel, rheological tests were performed using a Kinexus Lab +
rheometer (Netzsch, Bavaria, Germany) with a parallel plate geometry
(25 mm diameter, 1.0 mm gap) at 25 °C. In the stress detection mode,
the angular velocity was set at 6.28 rad/s, and the frequency was 1 Hz.
The hydrogel storage modulus (G") and loss modulus (G") were measured
in the range of shear strain between 0.1 % and 300 %. In the shear rate
mode, the temperature was set at 25 °C, and the shear viscosity and
shear stress of the hydrogel were measured in the shear rate range of
0.1-1000 s™.

The mechanical properties of the AMCI/PTi scaffold were measured
by universal testing machine (Instron 5567, Instron Ltd., USA). The
compression test was carried out according to the 1SO13314:2011
standard, and the universal testing machine tested at a constant speed of
1 mm/min until there was no more displacement. The compressive
strength and the elastic modulus of the scaffold were calculated by the
obtained stress-strain curve.

2.4. Degradability of the AMCI hydrogel

The degradability and biocompatibility of the AMCI hydrogel in vivo
were evaluated. All animal experiments were performed under the
authorization of the Animal Care and Experiment Committee at Jilin
University, following the international standards on animal welfare
(Approval No.151, date of approval: 2022). Six-week-old Spra-
gue-Dawley rats were selected as experimental animals and anes-
thetized using 2 % isoflurane after depriving them of food and water.
Each rat was injected with 0.5 g of AMCI hydrogel (W,) at the same
location on its back. The rats were randomly divided into 10 groups,
each group containing three rats. The rats were sacrificed at specific
times of 0, 4, 7, 10, 14, 21, 28, 35, 42, and 49 days, and the remaining
hydrogel was taken out and weigh (W). The degradation rate of AMCI
hydrogel was calculated according to the weight of residual hydrogel.
The degradation rate formula is as follows:

Degradation ratio(%) = (W, — W)/W, x 100%

In addition, the skin tissue near the hydrogel was retained and fixed in a
4 % paraformaldehyde solution. Then, hematoxylin-eosin (HE) staining
was performed to observe the changes in skin tissue.

2.5. Drug release assay in vitro

The AMCI/PTi scaffold was immersed in 5 mL PBS solution (Solar,
Beijing, China) to determine the icariin release curve. At specific times,
including 1, 7, 14, 21, and 28 days, the scaffolds were transferred and
placed in another 5 mL fresh PBS solution. The remaining liquid was
collected, and the absorbance was determined using an ultraviolet
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spectrophotometer (Lambda800, PerkinElmer, USA) at 270 nm.
2.6. In vitro experiments

2.6.1. Cell viability, proliferation, and morphology

Bone mesenchymal stem cells (BMSCs) were isolated from 1-week-
old New Zealand white rabbits. The BMSCs were subsequently
cultured in a low-glucose-DMEM medium containing 10 % fetal bovine
serum and 1 % penicillin and streptomycin. The culture environment
was an incubator at 37 °C and 5 % CO, (Thermo Fisher Scientific,
Shanghai, China). In this study, third-generation BMSCs were used for
subsequent cell experiments.

The compatibility of the AMCI/PTi scaffolds was detected using a
Calcein-AM/PI Double Stain Kit (BestBio, Shanghai, China). The BMSCs
were seeded in 24-well plates at a density of 6 x 10° cells/well and
cultured with empty control (CON), empty porous titanium alloy scaf-
folds (PTi), AMC/PTi, and AMCI/PTi scaffolds for 1 and 3 days,
respectively. For the Calcein-AM/PI staining experiments, the Calcein-
AM/PI staining solution was prepared according to the manufacturer’s
instructions. The BMSCs were cultured with Calcein-AM/PI staining
solution in the dark, and the staining solution was removed from plates
after 15 min. The results were observed under a fluorescence microscope
after washing the plates with PBS (Olympus Corporation, Japan).

A Cell Counting Kit 8 (Beijing solarbio sciencestechnology Co., 1td,
China) was used to determine the proliferation rate of BMSCs on day 1,
3, and 7. The BMSCs were seeded in 24-well plates at a density of 6 x
10® cells/well and cultured with CON, PTi, AMC/PTi, and AMCI/PTi
scaffolds for 1, 3, and 7 days, respectively. The BMSCs were incubated
with 100 pL of CCK-8 solution for about 3 h in the dark. After collecting
the supernatant, the absorbance was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, Shanghai, China).

The morphology of BMSCs in each group on day 3 was observed
using F-actin/DAPI staining (Beijing Solarbio Science & Technology Co.,
Ltd, China). The BMSCs were seeded in 24-well plates at a density of 6 x
10° cells/well in the CON, PTi, AMC/PTi, and AMCI/PTi groups, and the
medium was removed after culturing for three days. The plates were
rinsed with PBS solution to remove the remaining medium and then
fixed with 4 % paraformaldehyde for 15 min. Phalloidin solution (5 pg/
mL) was added to the plates and incubated for 30 min. After removing
the phalloidin staining solution and rinsing it with PBS, the BMSCs were
incubated in DAPI solution with a dilution of 1:1000 for 5 min in the
dark. After removing the DAPI staining solution and rinsing with PBS,
the staining results were observed and photographed under a fluores-
cence microscope, and the length of the cell microfilament was analyzed
using ImageJ software (NIH, Bethesda, MD).

2.6.2. Alkaline phosphatase (ALP) activity assay

The BMSCs were seeded at 6 x 10> cells/well in 24-well plates with
CON, PTi, AMC/PTi, and AMCI/PTi scaffolds at 37 °C and 5 % CO,. After
the BMSCs adhered to the plate, 50 mM ascorbic acid (Sigma-Aldrich,
USA), 10 mM p-glycerophosphoric acid (Sigma-Aldrich, USA), and 100
nM dexamethasone (Sigma-Aldrich, USA) were added to each group.
After culturing each group for 7 and 10 days, ALP staining was per-
formed to evaluate the osteogenic differentiation ability. Each sample
was rinsed three times with PBS and fixed with 4 % paraformaldehyde
for 15 min. ALP chromogenic reagent was added to incubate for 30 min
and observed under a microscope. In addition, Alkaline Phosphatase
Activity Detection Kits (Beyotime Biotechnology, Shanghai, China) were
used to detect the activity of ALP. The BMSCs in each group were rinsed
three times with PBS before staining and then lysed with cell lysis buffer
(Beyotime Biotechnology, Shanghai, China) on ice. According to the
manufacturer’s instructions, a set amount of standard product, sub-
strate, and sample were added to the blank plate and the reaction was
carried out at 37°C for 30 min. The optical density (OD) value of each
group under 405 nm irradiation was measured after incubating for
approximately 30 min. The ALP activity of each group was calculated,
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2.6.3. Cell migration and tube formation assay

The effects of different scaffolds on the migration of human umbilical
vein endothelial cells (HUVECs, Guangzhou Cellcook Biotech Co., Ltd.,
China) were detected using wound healing and tubule formation assays,
respectively. The CON, PTi, AMC/PTi, and AMCI/PTi scaffold groups
were placed in RPMI-1640 medium without cells for 1 day, and the
leaching solution in each group was collected. Matrigel was coated in
96-well culture plates at a low temperature and then incubated at 37 °C
for 30 min to solidify into a hydrogel state. The HUVECs were seeded at
2 x 10* cells/well into 96-well plates and cultured with 150 pL leaching
solution for 6 h. Calcein was used to stain cells to make the results easier
to observe. The tubular structures of HUVECs were observed and pho-
tographed using an inverted microscope. ImageJ software was used to
count the tube branch points for evaluating the angiogenic ability in
each group.

The HUVECs were seeded at 2 x 10 cells/well in 6-well plates and
cultured in RPMI-1640 medium containing 10 % fetal bovine serum and
1 % penicillin and streptomycin (Gibco, Grand Island, NY, USA). Then,
scratches were prepared using a 200 pL pipette tip when the HUVECs
filled the plates, and the HUVECs were cultured with a leaching solution
after being washed with PBS. The medium was discarded after incu-
bating for 1 day, and the results were observed using a microscope.
ImageJ software was used to count the healing area for evaluating
angiogenic ability.

2.6.4. Real time-quantitative polymerase chain reaction (RT-qPCR)

The HUVECs were seeded in 6-well plates at 2 x 10* cells/well with
CON, PTi, AMC/PTi, and AMCI/PTi scaffolds at 37 °C and 5 % CO,. After
culturing for 2 days, an RT-qPCR assay was performed to detect the
expression of VEGF, BFGF, and HIIF-1 in HUVECs. The total RNA was
extracted using a SPARK Easy Cell RNA Kit (Sparkjade, Shandong,
China), and genomic DNA clearance and reverse transcription were
performed using a StarScript II RT Kit (Genestar, Beijing, China). Then,
the amplification process was performed using a StarScript II One-step
RT-qPCR Kit (Genestar, Beijing, China). The relative gene expressions
were calculated via the 2722% method by normalizing with a house-
keeping gene. In addition, the BMSCs were seeded at 6 x 10> cells/well
in 24-well plates and cultured in an incubator at 37 °C and 5 % COx.
After the BMSCs adhered to the plate, 50 mM ascorbic acid, 10 mM
B-glycerophosphoric acid, and 100 nM dexamethasone were added to
each group. The expression levels of Runx-2, osteocalcin (OCN), and
ALP in BMSCs were detected using the above methods after culturing for
14 days. The sequence of primer fragments used in the experiment is
shown in Table A1l.

2.7. Animal experiments in vivo

2.7.1. Preparation of large segmental radius defect model

All animal experiments were performed under the authorization of
the Animal Care and Experiment Committee at Jilin University,
following the international standards on animal welfare (Approval
No.151, date of approval: 2022). Eighteen female New Zealand white
rabbits (2-month-old) were selected to establish the large segmental
radius defect model. A radius osteotomy was performed to establish the
radius defect model. The New Zealand white rabbits were randomly
divided into three groups, and anesthetized by injection of 3 % sodium
pentobarbital (50 mg/kg) at the ear marginal vein. A 2 cm sagittal
incision was made on the right foreleg, and the radius was exposed
layer-by-layer. After the periosteum of the osteotomy area was removed,
a 2 cm radius segment was cut using a sterilized bone saw. The blood and
bone fragments at the bone defect by osteotomy was cleaned up and the
bone defect area was filled with empty titanium alloy scaffolds, AMC/
PTi, and AMCI/PTi scaffolds, respectively. By adjusting the two ends of
the scaffold to correspond to the broken end of bone defect, each group
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of scaffolds can be properly embedded in the bone defect. After filling
the bone defect with the above-mentioned scaffolds, the incision was
closed layer-by-layer. Because of the special fusion relationship between
ulna and radius in rabbits, ulna can be used as an internal fixator for
radius defect. Therefore, the implanted scaffold can be effectively fixed
only by the tension generated by suturing soft tissue and the broken
bone [22]. Penicillin (1.5 mg/kg) was used within three days after the
operation to avoid infection. The New Zealand white rabbits were killed
at twelve weeks after the operation, and the specimens were fixed in a 4
% paraformaldehyde solution for subsequent experiments. The images
of intraoperative surgery are shown in Figure Al.

2.7.2. X-ray

Digital radiographs were performed immediately after the osteotomy
operation under anesthesia using an X-ray machine (AMX4, GE
Healthcare, Buckinghamshire, UK). The peak voltage, current and ra-
diation dose were 250 kVP, 16 mA and 5Gy, respectively. In addition,
the area of bone defects was examined at 12 weeks after the operation.

2.7.3. Micro-CT

The area of bone defects was examined using micro-CT (SkyScan
1076 scanner, Kontich, Belgium) at 12 weeks after the operation. The
pixel size of the image acquisition, the voltage, and the current were
18.26 pm, 48 kV, and 200 mA, respectively. The micro-CT images were
constructed into a three-dimensional image, and the scanning area was
where the scaffolds were located. Then, a CT Analyzer (SkyScan 1076
scanner, Kontich, Belgium) was used to quantitatively calculate the
percentage of bone volume to tissue volume (BV/TV), bone mineral
density (BMD), trabecular bone number (Tb.N) and trabecular bone
thickness (Tb.Th) in each group.

2.7.4. Histological analysis

The bone regeneration at the defect site was analyzed using Masson
staining and Van-Gieson staining. The rabbit radius were collected at 12
weeks after the operation, and the specimens were fixed in a 4 %
paraformaldehyde, embedded in paraffin, and made into hard tissue
sections at a thickness of 30 pm without decalcification. Then, the
Masson staining and Van-Gieson staining were performed. A digital
microscope (DSX 500; Olympus Corporation, Tokyo, Japan) was used to
observe the bone repair, and the area of the new bone was calculated
using Image J software for semi-quantitative analysis.

2.7.5. Immunohistochemistry

The relative expressions of CD31, HIF-1, Runx-2, and OCN in new
bone tissue at the bone defect site were detected using immunohisto-
chemical staining to evaluate osteogenesis in each group. The bone
tissue around the scaffolds was collected at 12 weeks after the operation.
The specimens were fixed in a 4 % paraformaldehyde, decalcified in 10
% EDTA for 3 weeks, embedded in paraffin, and sectioned at a thickness
of 5 pm. Then, the sections were incubated with the CD31, HIF-1, Runx-
2, and OCN antibodies (Bioss Biotechnology Co., Ltd., Beijing, China)
overnight at 4 °C. The secondary antibody used for staining was goat
anti-rabbit immunoglobulin G conjugated to horseradish peroxidase
(Servicebio Technology Co., Ltd., Wuhan, China). After incubation with
the secondary antibody, the number of CD31-positive, HIF-1-positive,
Runx-2-positive, and OCN-positive cells were observed and counted
under a light microscope.

2.8. Statistical analysis

All data in this experiment were expressed as mean =+ standard de-
viation for n > 3. Statistical analysis was carried out using a one-way
analysis of variance with Turkey’s test. p < 0.05 was considered sta-
tistically significant. Statistical differences were expressed as * (p <
0.05), **(p < 0.01), and ***(p < 0.001). All data were analyzed using
SPSS 22.0 analysis software (SPSS Inc., Chicago, USA).
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3. Results and discussion
3.1. Characterizations of the AMCI/PTi scaffold

The AMC and AMCI hydrogel prepared at room temperature can be
seen clearly in Fig. 1A. The AMCI hydrogel can be prepared at room
temperature, and the addition of icariin had no obvious effect on
hydrogel formation. In this study, two kinds of titanium porous alloy
scaffolds made using 3D printing technology are shown in Fig. 1B, in
which the disk-shaped scaffold was used for in vitro experiments, and the
cylinder-shaped scaffold was used for in vivo experiments. The shape and
size of the scaffold used in vivo experiments depended on the anatomical
data of rabbit radius, and the shape of the scaffold used in vitro experi-
ments was based on our previous research design.

The SEM images showed the pores of the porous scaffolds were
uniform, and the average pore size was 600 pm (Fig. 1C). For titanium
alloy microporous scaffold, the ideal osseointegration effect may be
achieved when the pore size is 300-500 pm and the porosity is about
75-90 % [22]. In this study, the pore size and porosity of the titanium
scaffold was 600 pm and 75 % respectively. The pore size of the scaffold
was slightly increased in order to provide enough space for loading
AMCI hydrogel. This porosity and pore size of the scaffold have been
studied and used many times, and it was suitable for loading hydrogel
and bone ingrowth [23]. As shown in the images, AMCI hydrogel was
able to fill the pore interior of the titanium alloy scaffold uniformly to
achieve hydrogel loading with icariin. And HA crystal was uniformly
attached to collagen fibers in the mineralization process and crosslinked
with alginate to form hydrogel. This can strengthen the internal fiber
network and enhance the mechanical strength and stability of the
hydrogel.

Fig. 1D showed the Fourier infrared spectra results of the AMCI/PTi
scaffold. In the results, the absorption peaks at 2972 and 1634 cm™!
were representative of the classical structure of collagen. This indicated
that the helical structure of collagen was not damaged during the
preparation process. The absorption peaks at 1634 and 1414 cm ™! were
attributable to the stretching vibrations of asymmetric and symmetric
COO™ groups in alginate. In addition, the absorption peaks detected at
1031 and 524 cm™! indicated the presence of an HA. The absorption
peaks at 2929 and 1089 cm™! confirmed the presence of icariin in the
ACMI/PTi scaffold. The above results indicated the presence of HA,
collagen, alginate, and icariin in the composite scaffold, and these
structures were intact to ensure normal function.

The viscoelastic behavior of AMCI hydrogel was studied using
rheological experiments (Fig. 1E). The results showed that G' and G’
were independent of the applied shear strain between 0.1 % and 300 %.
G’ represented the energy stored in the elastic structure of the sample
and is usually related to the strength of the material [24]. It was found
that the intersection of G’ and G’ for the hydrogel occurs at about 20.03
% strain, which indicated that the AMCI hydrogel was in a stable gel
state when the shear strain was less than 20.03 % and G’ is higher than
G". When the shear strain was higher than 20.03 %, the G’ is lower than
the G” and the AMCI hydrogel transformed into the sol state. Moreover,
the viscoelastic properties of the AMCI hydrogel were not affected under
low shear strain, which ensured the stability of the AMCI hydrogel in the
titanium alloy scaffold. The relationship between the shear viscosity and
the shear rate of the AMCI hydrogel is shown in Fig. 1F. The shear vis-
cosity of the hydrogel decreased with an increase in shear rate, indi-
cating that the AMCI hydrogel exhibited shear thinning behavior. When
the shear rate increased, the disordered polymer chain of the AMCI
hydrogel was arranged into an organized structure according to the flow
direction. This property of shear thinning is consistent with the me-
chanical characteristics of non-Newtonian fluids, which is an important
feature of the injectable properties of hydrogels [25]. This meant that
when suitable stress was applied to the AMCI hydrogel, it can flow
smoothly and match irregular bone defects. In addition, this result was
consistent with amplitude scanning tests that showed the viscosity
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Fig. 1. The characterizations of the AMCI/PTi scaffold. (A) The images of AMC (left) and AMCI (right) hydrogel. (B) The images of titanium alloy scaffolds used in
vitro (left) and in vivo (right) experiment (the minimum scale of the ruler was 0.5 mm). (C) The scanning electron microscope images of the titanium alloy and AMCI/
PTi scaffold. (D) The results of infrared spectroscopy detection for the AMCI/PTi scaffold. (E) G’ and G” of AMCI hydrogel varied with shear strain. (F) The plot of

shear stress and viscosity against shear rate for AMCI hydrogel.

modulus of the AMCI hydrogel decreased when the shear stress
increased gradually.

The element deposition and distribution on the surface of AMCI/PTi
scaffold were further analyzed by EDS. Fig. 2A and B showed the dis-
tribution of elements C, O, Na, P, Ca, and Ti and the element ratio on the
surface of the AMCI/PTi scaffold. These elements were distributed in
different components of the hydrogel, and these was evenly distributed
on the surface of titanium scaffold, which showed that all components in
AMCI/PTi scaffold are evenly distributed and the AMCI hydrogel was
evenly covered on the surface of scaffold. This was beneficial to the
stable degradation of hydrogel and the uniform release of drugs, and
also provided a suitable interface for the adhesion of BMSCs and the
growth of new bone tissue.

Fig. 2C showed the elastic modulus of the two groups of scaffolds and
the ultimate compressive strength, which was the maximum stress that
the scaffold bear before being destroyed. The compressive strength of
titanium scaffold and AMCI/PTi scaffold were 43.95 + 3.00 and 47.41
+ 4.36 MPa, respectively, and there was no obvious difference between

the two groups. The elastic modulus of titanium scaffold and AMCI/PTi
scaffold were 1.66 + 0.22, 1.57 + 0.08 GPa, respectively, and there was
no obvious difference between the two groups. This showed that the
addition of AMCI hydrogel had no obvious effect on the mechanical
properties of titanium scaffold. The elastic modulus of the scaffold was
similar to that of human cancellous bone to avoid the stress shielding
phenomenon to the surrounding bone tissue at the bone defect [26]. The
compressive strength of the scaffold was between human cortical bone
and cancellous bone, so it can play a sufficient supporting role for
cancellous bone defect. Moreover, AMCI/PTi scaffold need to combine
with some internal fixation devices to provide enough mechanical sup-
port for cortical bone defects.

3.2. Degradability and drug release

The degradation process of the AMCI hydrogel was shown in
Figure A2A. It showed that the subcutaneous hydrogel mass gradually
became smaller, and there was no obvious inflammatory reaction on the
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skin surface on day 0, 14, 28, and 42. The degradation curve of the AMCI
hydrogel was shown in Figure A2B. The initial weight of the hydrogel
was 0.50 + 0.01 g, and the weight on day 42 was 0.20 &+ 0.01 g. The
degradation rate decreased relatively from day O to day 42. The residual
hydrogel weight was 0.17 + 0.06 g on day 49, and the degradation curve
was nearly flat after 49 days. This indicated that the AMCI hydrogel was
mostly not further degraded after 49 days.

The AMCI hydrogel consisted mainly of alginate, type I collagen fi-
bers, HA, and icariin. Due to the lack of related hydrolytic enzymes,
alginate with high molecular weight may not be fully degraded in
physiological systems or removed from the body, which limits its
application in biomedicine [27]. This study showed that the depoly-
merized alginate obtained good bioactivity and degradability by
reducing the molecular weight compared with high molecular weight
alginate [28]. The degradation rate of alginate in the body was increased
upon reducing the size of the alginate chain after depolymerization, and
the space for bone tissue growth is provided [14]. Type I collagen also
has good degradability, but the degradation rate of HA is very slow,
which was one of the reasons for the incomplete degradation of the
AMCI hydrogel [29,30]. After 56 days, the degradation rate of AMCI
hydrogel was 65.56 + 1.39 %, which was the ratio of collagen, alginate
and HA metabolized in vivo, and the content of HA in the initial AMCI
hydrogel was 38.41 % by calculation. It was calculated from the ratio of
the mass of HA added to the total mass of the hydrogel when preparing
the AMCI hydrogel. Due to HA was difficult to be degraded, the main
component of the residue was HA, and there were also a small amount of

collagen and alginate [31,32]. Although the hydrogel remained in vivo, a
small amount of hydrogel did not affect the growth of bone tissue. In
addition, the main components of the residue were HA, a small amount
of alginate and collagen. These materials all have good compatibility
and will not have side effects on local tissue. And the remaining HA and
collagen fibers also have a positive effect on the process of bone defect
repair.

In this study, we chose 107 mol/L as the loading concentration of
icariin. Previous studies have shown that excessive icariin will inhibit
osteogenesis, and 10~® mol/L was a more suitable choice for the treat-
ment to bone defect in BTE. Icariin at this concentration not only has
strong osteogenic activity, but also can promote angiogenesis [33].
Figure A2C showed the drug release curve of AMCI/PTi in vitro. The
release rate on the first day was 24.83 + 2.00 %, and the cumulative
release rate on day 21 was 76.03 + 0.90 %. In the process of release,
with the speed gradually decreasing, and the cumulative release of
icariin basically reached a maximum value of 77.23 % + 0.90 % on day
28.

The drug in hydrogel was mainly released by way of free diffusion
and the degradation of hydrogel [34]. The drug was mainly released
through free diffusion at the early stage of the release process because
the degradation of the hydrogel was not obvious. The drug located on
the surface of the hydrogel more easily diffused into the microenvi-
ronment, especially on the first day, resulting in an initial burst release.
After the drugs outside the hydrogel were released by diffusion, others
inside the hydrogel were released mainly through the degradation of the
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hydrogel. Therefore, the degradation rate of the hydrogel was key to
controlling the slow release of the drugs. The network formed upon HA
crosslinking with alginate reduced the degradation rate of the AMCI
hydrogel and prolonged the release of icariin. The release rate of icariin
in the second week slowed significantly compared with the first week,
indicating the slow-release property of the AMCI hydrogel. Finally, the
release rate of icariin gradually decreased with a decrease in the AMCI
hydrogel degradation rate, and the maximum release of icariin into
solution was basically reached on day 28.

For the drug delivery system in BTE, a stable drug release process is
particularly important. In conclusion, the release process of icariin was
stable and continuous and this indicated that the AMCI/PTi scaffold
could release icariin steadily and ensure the appropriate release period
in a localized manner. The fast degradation rate of MC leads to a too-fast
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drug release rate, according to a previous study. Alginate can not only
assist the mineralization process of collagen but also form a denser
fibrous network with Ca?* to slow hydrogel degradation [35,36].
Therefore, the release of icariin from the AMCI/PTi scaffold was a
suitable and ordered process. In addition, it is also important whether
the period of drug release can cover the critical period of bone regen-
eration, especially for the early stage of bone growth. The released
icariin can activate the osteogenesis-related factors produced to enhance
osteogenesis, and these factors can also activate other reactions to have a
long-term impact on the subsequent bone tissue repair and reconstruc-
tion. Although the drug was basically released after 28 days, the
hydrogel continued to degrade at this time. Collagen and HA produced
by hydrogel degradation also had certain positive effects on the later
bone defect repair.
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Fig. 3. The effect of scaffolds on the proliferation and morphology of BMSCs. (A) The Calcein-AM/PI and F-actin/DAPI staining of each scaffold. The scales of the
images were 200 pm (Calcein-AM/PI staining) and 20 pm (F-actin/DAPI staining). (B) The cell proliferation rate of each group on day 1, 3, and 7. (C) The cell
microfilament length of BMSCs of each group in F-actin/DAPI staining on day 3. (n = 3, *indicates significant differences between groups, *p < 0.05; **p < 0.01,

***p < 0.001, the quantitative analysis of F-actin staining was that all samples in three groups of repeated experiments in each group were taken by five-point

sampling method and the cell microfilaments are counted.).
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3.3. Effects on cell viability, proliferation, and morphology
The biocompatibility of the AMCI/PTi scaffold was evaluated ac-

cording to Calcein-AM/PI staining (Fig. 3A). The results of Calcein-AM/
PI staining showed that the CON, PTi, AMC/PTi, and AMCI/PTi groups

A CON PTi
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had no obvious cytotoxicity on day 1 and 3. Compared with day 1, the
living cells increased in each group on day 3. This indicated that the
scaffolds in each group all had good biocompatibility.

According to the results of the CCK-8 assay (Fig. 3B), the cell pro-
liferation rates of the CON, PTi, AMC/PTi, and AMCI/PTi groups showed
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Fig. 4. The effect of each group on BMSCs osteogenic ability. (A) The ALP staining images of each group on day 7 and day 10. The scale of the images was 200 pm.
(B) The ALP activity detection of each group on day 4, 7, and 10 (C, D, E). The relative mRNA expression of Runx-2, ALP, and OCN in each group on day 14. (n = 3,
*indicates significant differences between groups, *p < 0.05; **p < 0.01, ***p < 0.001).
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no significant difference among the four groups on day 1. However, on
day 3, the proliferation rates of the CON, PTi, AMC/PTi, and AMCI/PTi
groups were 1.88 + 0.02, 1.82 + 0.03, 3.47 £+ 0.01, 3.95 £+ 0.11,
respectively. The cell proliferation rates of the AMC/PTi and AMCI/PTi
groups were significantly higher than in the CON and PTi groups (p <
0.001), and the cell proliferation rate of the AMCI/PTi group was higher
than in the AMC/PTi group (p < 0.01). This showed that AMC/PTi and
AMCI/PTi scaffolds can effectively promote the proliferation of BMSCs.
Studies have shown that both MC and icariin can promote the prolifer-
ation of BMSCs. Icariin can induce ERK and p38 phosphorylation, and
significantly up-regulate the expression of ELK1 and c-MYC of MAPK
pathway. MAPK pathway plays an important role in regulating cell
proliferation, and icariin can enhance the proliferation of BMSCs by
activating MAPK pathway [37]. In addition, Xuan et al. found that MC
can also promote the proliferation of BMSCs, which was related to the
expression of proliferation-related genes in BMSCs [38]. The AMCI/PTi
group had a more significant effect than any other group. This showed
that icariin and MC can jointly promote the proliferation of BMSCs and
have excellent effects. On day 7, there was no significant difference in
the proliferation rate of each group. This is based on the fact that the
BMSCs stopped proliferating because the densities of the BMSCs at day 7
in each group were saturated. Hence, the proliferation rate showed no
significant difference among the four groups. This also indicated that the
AMCI/PTi scaffold had good biocompatibility.

As shown in the F-actin/DAPI staining in Fig. 3A, there were no
significant differences in BMSC morphology among the four groups. In
addition, the length of microfilaments was not significantly different in
the CON, PTi, AMC/PTi, and AMCI/PTi groups and there was no obvious
effect on BMSC morphological structure (Fig. 3C). This result further
indicated the scaffold of each group had good biocompatibility.

3.4. Enhancing osteogenic ability

ALP is a specific protein in the early mineralization of the extracel-
lular matrix and one of the functional markers for determining the
phenotype of osteoblasts [39]. As shown in Fig. 4A, ALP staining was
more obvious in the AMCI/PTi and AMC/PTi groups on day 7 and 10
compared with the CON and PTi groups, and the ALP staining in the
AMCI/PTi group was more obvious than in the AMC/PTi group. In
addition, the results of the ALP activity detection experiment showed a
similar trend (Fig. 4B), and the ALP activities on day 7 of the CON, PTi,
AMC/PTi, and AMCI/PTi groups were 0.85 + 0.02, 0.86 + 0.02, 1.04 +
0.04, 1.33 £+ 0.05 pm/mL/min, respectively. The ALP activity in the
AMC/PTi and AMCI/PTi groups was significantly higher than in the
CON and PTi groups, and the ALP activity in the AMCI/PTi group was
significantly higher than in the AMC/PTi group. There were also sig-
nificant differences between the AMCI/PTi group and the other three
groups on day 10. These results indicated that both the AMCI/PTi and
AMC/PTi scaffolds could promote the activity of ALP, and the addition
of icariin further enhanced the activity of ALP and the osteogenic ability
of the composite system. The AMCI/PTi scaffolds can significantly
promote the early mineralization of the extracellular matrix by
enhancing ALP activity, thereby enhancing bone regeneration.

Runx-2, a member of the Runt family of transcription factors, is one
of the most important molecular factors of osteoblast differentiation and
plays an important role in bone tissue formation [40]. The relative
expression levels of Runx-2 were 1.03 + 0.29, 0.78 + 0.13, 0.76 + 0.18,
and 2.17 + 0.58 in the CON, PTi, AMC/PTi and AMCI/PTi groups,
respectively (Fig. 4C). The expression level in the AMCI/PTi group was
significantly higher than in the other three groups (p < 0.05).

As shown in Fig. 4D, the relative expression levels of ALP in the CON,
PTi, AMC/PTi, and AMCI/PTi groups were 1.01 + 0.21, 1.01 + 0.27,
1.57 + 0.12, and 2.67 + 0.34, respectively. Statistical analysis showed
that the relative expression of ALP in the AMCI/PTi group was signifi-
cantly higher than in the CON group (p < 0.01), PTi group (p < 0.01),
and AMC/PTi group (p < 0.01). The relative expression of ALP in the
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AMC/PTi group was significantly higher than in the CON group (p <
0.05) and PTi group (p < 0.05).

OCN is a non-collagenous protein of the extracellular matrix syn-
thesized by osteoblasts and osteocytes. Earlier studies have shown that
OCN can affect bone mineral formation and mineral crystal growth [41,
42]. The relative expression levels of OCN in the CON, PTi, AMC/PTi,
and AMCI/PTi groups were 1.02 + 0.24, 0.96 + 0.30, 0.74 + 0.06, and
1.75 + 0.12, respectively (Fig. 4E). Statistical analysis showed that the
relative expression of OCN in the AMCI/PTi group was significantly
higher than in the CON (p < 0.01), PTi (p < 0.05), and AMC/PTi (p <
0.001) groups.

According to the above results, the activity and expression of ALP in
the AMC/PTi group were significantly higher than in the CON and PTi
groups. This suggested that the AMC hydrogel can promote osteogenic
differentiation, and studies have shown that MC can significantly up-
regulate the expression of the Wnt/p-catenin pathway in vivo and in
vitro [43]. The Wnt/p-catenin pathway plays an important role in all
stages of proliferation and osteogenic differentiation. In addition, MC
can regulate the microenvironment of osteoblasts and enhance bone
regeneration by regulating inflammation and immunity in the early
stage of bone repair [44]. The ALP activity and expression of OCN,
Runx-2, and ALP in the AMCI/PTi group were significantly higher than
in the other three groups, suggesting that icariin and MC can synergis-
tically promote bone regeneration. Studies have shown that icariin can
induce osteoblasts to express BMP-2, BMP-4, Osx, Runx-2, ALP, and type
I collagen and promote bone regeneration. Icariin can also promote the
proliferation and osteogenic differentiation of BMSCs by regulating the
MAPK and Wnt/p-catenin pathways [45,46].

3.5. Enhancing angiogenic ability

The effect of the AMCI/PTi scaffold on the migration and angiogenic
ability of HUVECs was verified using tube formation and wound healing
assays. As shown in Fig. 5A, the number of tubes in the AMCI/PTi group
was significantly higher than in the other three groups. Quantitative
analysis using image J showed the node numbers of the CON, PTi, AMC/
PTi, and AMCI/PTi groups were 81.70 + 7.64, 84.70 £+ 9.02, 81.00 £+
8.00, and 115.00 + 11.14 (Fig. 5C). The node number of the AMCI/PTi
group was significantly higher than in the other three groups, while
there was no significant difference among the CON, PTi, and AMC/PTi
groups. This indicated that the AMCI/PTi scaffold can significantly
promote the formation of tubes, which is conducive to vascular tissue
formation. The results of the wound healing assay (Fig. 5B-D) showed
that the healing areas of the CON, PTi, AMC/PTi, and AMCI/PTi groups
were 12.53 + 1.80 %, 14.99 + 3.15 %, 11.15 + 2.96 %, and 66.62 +
7.17 %, respectively. The AMCI/PTi group showed significant differ-
ences compared with other groups (p < 0.001), but there was no sig-
nificant difference among the CON, PTi, and AMC/PTi groups. This
indicated that the AMCI/PTi scaffold can promote the migration of
HUVECs. The above results indicated that the AMC/PTi scaffold had no
significant effect on HUVECs with regard to migration and angiogenesis
in vitro, but the addition of icariin significantly enhanced the angiogenic
ability of the composite scaffold.

VEGEF is a key angiogenic regulator for tube formation and the most
important factor to promote angiogenesis [47]. As shown in Fig. 5E the
relative expression levels of VEGF in the CON, PTi, AMC/PTi, and
AMCI/PTi groups were 1.01 + 0.21, 1.26 + 0.03, 1.63 + 0.98, and 3.54
+ 0.62, respectively. The statistical analysis showed that the relative
expression level in the AMCI/PTi group was significantly higher than in
the CON, PTi (p < 0.01), and AMC/PTi groups (p < 0.05).

HIF-1, a member of the HIF family, is able to regulate the expression
of downstream target genes by inducing a locally hypoxic environment,
such as VEGF and erythropoietin [48,49]. For HIF-1, the expression
levels of the CON, PTi, AMC/PTi, and AMCI/PTi groups were 1.02 +
0.25, 1.17 + 0.34, 1.46 + 0.57, and 3.83 + 0.39, respectively. The
relative expression in the AMCI/PTi group was significantly higher
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Fig. 5. The effects of each group on the migration and angiogenesis of HUVECs. (A) The images of tube formation experiment in each group after 6 h. The scale of the
images was 10 pm. (B) The images of wound healing experiment after 24 h in each group. The scale of the images was 200 pm. (C) The semi-quantitative analysis of
nodes in the tubule forming assay. (D) The semi-quantitative analysis of the wound healing area in each group (E, F, G). The relative mRNA expression of VEGF,
BFGF, and HIF-1 in each group on day 2. (n = 3, *indicates significant differences between groups, *p < 0.05; **p < 0.01, ***p < 0.001).

compared with the CON(p < 0.001), PTi(p < 0.001), and AMC/PTi
groups (p < 0.01). This indicated that although the AMC/PTi scaffold
could not promote the expression of VEGF and HIF-1, the AMCI/PTi
scaffold could significantly promote the expression of these genes.

BFGF is an important growth factor reported to have protective ef-
fects on the blood-brain barrier and angiogenic effects. In addition,
BFGF can also promote the growth of mesenchymal and neuro-
ectodermal cells [50]. For BFGF, the expression levels of the CON, PTi,
AMC/PTi, and AMCI/PTi groups were 1.00 + 0.06, 0.93 + 0.09, 1.52 +
0.18, and 3.78 £ 1.12, respectively. The relative gene expression level in
the AMCI/PTi group was significantly increased compared with the
CON, PTi, and AMC/PTi groups (p < 0.05). In addition, the relative
expression level in the AMC/PTi group was significantly higher than in
the CON and PTi groups (p < 0.01). This indicated that the AMC/PTi
scaffold could promote the expression of BFGF, and the AMCI/PTi
scaffold could significantly enhance BFGF expression.

There was no difference between the CON and AMC/PTi groups in
the above experimental results, indicating that the AMC/PTi scaffold
could not directly promote HUVEC angiogenesis and migration. Ac-
cording to previous studies, MC could indirectly promote angiogenesis,
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which was performed by regulating the immune microenvironment and
inflammation [51]. There were significant differences between the
AMC/PTi and AMCI/PTi groups, suggesting that the AMCI/PTi scaffold
had a direct and significant effect on angiogenesis. This was because
icariin can induce the expression of angiogenic factors such as VEGF and
ANG1 in endothelial cells, mediate the expression of the p38/Akt
pathway, and act on endothelial progenitor cells to directly promote
angiogenesis [12,52]. In addition, icariin can also play a protective role
in endothelial cells. Icariin can abolish hydrogen peroxide-induced
apoptosis and autophagic programmed cell death in endothelial pro-
genitor cells by reducing intracellular reactive oxygen species levels and
restoring mitochondrial membrane potential levels [53]. In addition, it
is worth noting that although the AMC/PTi scaffold can promote the
expression of BFGF in vitro, it showed no obvious difference compared
with the CON and PTi groups in the tube forming and wound healing
assays. The reason may be that the environment was too monotonous in
vitro since MC can promote angiogenesis through an indirect pathway in
vivo. In conclusion, our results showed that the AMCI/PTi scaffold can
significantly promote the expression of VEGF, BFGF, and HIF-1 in
HUVEGs and effectively enhance angiogenesis in vitro.
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3.6. Enhanced bone defect repair

The bone defect site was detected using X-ray at 0 and 12 weeks after
the operation. As shown in Fig. 6A, the scaffolds filled in the bone defect
and provided stability for two ends of the bone defect. The result showed
that there was bone tissue regeneration around the scaffold in each
group. The scaffolds in each group were closely combined with the
surrounding new bone tissue, and obvious bone ingrowth can be seen at
both ends of the scaffolds. The X-ray images after surgery showed that
the 3D-printed scaffolds could perfectly implant into the bone defect
site, conforming to the size and shape of the bone defects (Fig. 6B). At
week 12 after surgery, the AMCI/PTi scaffold was not deformed or
damaged, indicating that the AMCI/PTi has a good mechanical support
function and could bear the stress of the bone defect site. As a common
implant in orthopedics, titanium alloy has excellent compatibility with
bone tissue, and can be used as a permanent implant [54,55]. In addi-
tion, the pore structure of titanium alloy scaffold is conducive to the
growth of new bone tissues [56]. This makes the scaffold-bone structure
share the local stress, which can reduce the risk of scaffold damage and
increase the stability of bone.

To verify the effect of the AMCI/PTi scaffold on promoting osteo-
genesis in vivo, radius samples were collected at 12 weeks after surgery
for micro-CT scanning. Fig. 7A showed the CT images of the scaffold and
bone regeneration inside the scaffold in each group at the radius defect
site. The CT images of the three groups showed obvious bone tissue
growth in all groups, and the bone tissue growth in the AMCI/PTi and
AMC/PTi groups was significantly enhanced compared with the PTi
group. As shown in Fig. 7B, the BV/TV values of the PTi, AMC/PTi, and
AMCI/PTi groups were 1.05 + 0.10 %, 3.80 + 0.18 %, and 5.37 &+ 0.30
%, and the BV/TV value of the AMCI/PTi group was significantly higher
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than in the AMC/PTi (p < 0.01) and PTi groups (p < 0.001). The BV/TV
value of the AMC/PTi group was significantly higher than in the PTi
group (p < 0.05). The Tb.Th values of the PTi, AMC/PTi, and AMCI/PTi
groups were 0.07 £+ 0.04 mm, 0.09 + 0.01 mm, 0.11 + 0.01 mm, and
the Tb.Th value of the AMCI/PTi group was significantly higher than in
the AMC/PTi (p < 0.05) and PTi groups (p < 0.01). The Tb.Th value of
the AMC/PTi group was significantly higher than in the PTi group (p <
0.01). The Tb.N values of the PTi, AMC/PTi, and AMCI/PTi groups were
0.16 + 0.02/mm, 0.36 + 0.04/mm, 0.57 + 0.02/mm, and the Tb.N
value of the AMCI/PTi group was significantly higher than in the AMC/
PTi (p < 0.01) and PTi groups (p < 0.001). The Tb.N of the AMC/PTi
group was significantly higher than in the PTi group (p < 0.01). In
addition, the differences in BMD among the three groups were consistent
with those of Tb.N. In general, the Tb,N, BV/TV and BMD of AMCI/PTi
and AMC/PTi were significantly higher than those of blank scaffold
group, and the former is more effective. Based on the above data anal-
ysis, both the AMCI/PTi and AMC/PTi scaffolds can significantly pro-
mote bone tissue regeneration in vivo, and the osteogenic effect of the
AMCI/PTi scaffold was significantly more obvious than that of the AMC/
PTi scaffold. This was consistent with the results of in vitro experiments,
which indicated that AMCI/PTi scaffold can also promote the repair of
bone defects in vivo. In addition, for AMC/PTi group, MC can also pro-
mote the growth of bone tissue, but its bone repair ability was obviously
insufficient because of the lack of icariin compared with AMCI/PTi
group.

As shown in Fig. 8A, Masson staining and Van-Gieson staining
showed there was obvious new bone regeneration at the bone defect site
in the pores of the scaffolds of the PTi, AMC/PTi, and AMCI/PTi groups.
Two staining results also showed the new bone area in the AMCI/PTi
and AMC/PTi groups was significantly larger than in the PTi group, and
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Fig. 6. The images (A) of bone defect and X-ray (B) detection at the radius defect site in each group. (The minimum scale of the ruler in the picture was 0.5 mm)
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the AMCI/PTi group was obviously larger than in the AMC/PTi group.
Image J was used to analyze the effect of bone regeneration further
quantitatively in each group. The bone regeneration area in the AMC/
PTi and AMCI/PTi groups was significantly higher than in the PTi group
(p < 0.05 and p < 0.01), and the bone regeneration area in the AMCI/
PTi group was significantly higher than in AMC/PTi group (p < 0.05).
Under Masson and Van-Gieson staining, the bone regeneration area in
the AMC/PTi and AMCI/PTi groups were significantly higher than in the
PTi group (p < 0.01), and the bone regeneration area in the AMCI/PTi
group was significantly higher than in the AMC/PTi group (p < 0.05).
Combined with the two staining results, the bone growth in AMCI/PTi
group was obviously the most one, and the bone growth in AMC/PTi
group was also more than that in blank scaffold group, which was also
consistent with the results of micro-CT scan in Fig. 7A. This indicated
that the AMC/PTi and AMCI/PTi scaffolds could promote bone regen-
eration in vivo, and the AMCI/PTi scaffold had a more significant effect.
Icariin released by the AMCI/PTi scaffold in the bone defect site can
promote bone regeneration and enhance the biological activity of the
scaffold.

As shown in Fig. 9A, the cytoplasm of the immunohistochemical
positive cells at the bone regeneration site was stained brown, and the
nuclei were stained dark blue. CD31, the molecules distributed in white
blood cells, endothelial cells, and platelets, not only maintain the
integrity of the endothelial cells and vascular permeability but also play
an important role in evaluating angiogenic molecules [57]. The
CD31-positive cells in the AMC/PTi and AMCI/PTi groups were signif-
icantly increased compared with the PTi group (p < 0.05 and p < 0.01),
and the AMCI/PTi group was increased significantly more than the
AMC/PTi group (p < 0.05). In addition, the number of VEGF-positive
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cells in the AMC/PTi and AMCI/PTi groups was significantly higher
than in the PTi group (p < 0.01), and the number of VEGF-positive cells
in the AMCI/PTi group was increased compared with the AMC/PTi
group (p < 0.05). The above results indicated that the AMCI/PTi scaffold
can significantly up-regulate the expression of CD31 and VEGF in vivo,
enhance local vascular circulation, and thus facilitate the repair of bone
defects. In addition, although the AMC/PTi scaffold cannot promote
migration and angiogenesis in HUVECs directly in vitro, MC can induce
angiogenesis and osteogenesis as a component of bone in a previous
study [58]. Therefore, MC could increase the number of CD31-positive
and VEGF-positive cells through other pathways, such as regulating
the immune microenvironment and inflammatory syndrome [59].

Fig. 9A and C showed that the Runx-2-positive cells in the AMC/PTi
and AMCI/PTi groups were significantly higher than in the PTi group (p
< 0.05), and the number of Runx-2-positive cells in the AMCI/PTi group
was significantly higher than in the AMC/PTi group (p < 0.01). In
addition, the number of OCN-positive cells in the AMC/PTi and AMCI/
PTi groups was significantly higher than in the PTi group (p < 0.05 and
p < 0.01), and the number of OCN-positive cells in the AMCI/PTi group
was higher than in the AMC/PTi group (p < 0.05). These results indi-
cated that the AMCI/PTi scaffold can significantly up-regulate the
expression of Runx-2 and OCN in vivo, enhance osteogenic activity, and
promote the repair of bone defects. In addition, the AMC/PTi scaffold
did not show the ability to promote the expression of Runx-2 and OCN in
the RT-qPCR assay, but it was found to promote the expression of both
genes during the in vivo experiment. This indicated that although the
AMC/PTi scaffold did not directly promote the expression of OCN and
Runx-2 in BMSCs, it can indirectly enhance their expression through
other pathways in vivo. Li et al. found that MC can promote bone defect
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Fig. 9. Immunohistochemical analysis of the bone defect site at 12 weeks after surgery. (A) Immunohistochemical staining images of CD31, VEGF, Runx-2 and OCN
antibody expression at 12 weeks after surgery. (B, C) Quantitative analysis of positive cell density per mm? around the new bone in scaffold pore under 400 times
magnification field. (n = 3; * indicates significant difference between groups, *p < 0.05; **p < 0.01).

repair by regulating the local bone immune environment. MC of medium
pore size can significantly enhance the osteogenic differentiation of
MC3T3-E1 in the macrophage environment and promote the expression
of OCN and ALP [60].

From the above results in vivo experiment, we found that the bone
regeneration and angiogenesis in AMCI/PTi group and AMC/PTi group
were more obvious than those in blank scaffold group, which indicated
that the combination of MC and icariin can enhance the osteogenic
ability and vascular regeneration ability of the system. For MC and
icariin, their mechanisms for bone growth are different in vivo, which
means that they can enhance bone repair through complementary
functions. In addition, icariin can also promote the angiogenesis by
promoting the expression of VEGF, BFGF and other factors. It can greatly
promote the supply of nutrients and growth factors needed for early
bone defect repair, and enhance the bone repair function of hydrogel
system. It was very important for large segmental bone defects because
of the large bone loss and serious vascular damage [61].

Based on the above results, the AMCI/PTi scaffold promoted bone
repair and enhanced vascular regeneration both in vitro and in vivo, so it
could be used as a good implant material for bone defect repair. The
alginate/collagen ratio in the AMC hydrogel used in this study was 1:1,
which confirmed that it was suitable as a bioactive material in BTE.
However, one of the deficiencies of this study was that other ratios of
alginate and collagen were not studied, which would be a worthy
research direction in the future. According to our degradation experi-
ment, we think that the content of collagen and HA can be reduced by
increasing the proportion of alginate. This will increase the degradation
ratio of hydrogel, which may have more space for the bone growth in-
side the scaffold. In addition, based on the excellent degradation, drug
loading and release ability of AMC hydrogel, it may also perform well in
combination with other therapeutic drugs for BTE.

4. Conclusion

In this study, we combined icariin-loaded AMC hydrogel with a 3D-
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printed titanium alloy scaffold to construct dual-functional scaffolds
that can promote osteogenesis and angiogenesis. Low molecular depo-
lymerization alginate can assist the mineralization process of collagen
but also perform the loading and release of icariin. The AMCI/PTi
scaffold showed suitable drug release and degradation properties in
vitro. The scaffold was able to promote the proliferation and osteogenic
differentiation of BMSCs as well as the migration of HUVECs and
angiogenesis, thus facilitating bone repair of critical radius defects in
vivo. Therefore, this study provided the critical treatment of bone defects
using a promising method and offered a meaningful strategy for the
construction of orthopedic bioactive scaffolds.
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