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Effective tissue repair relies on the orchestration of different macrophage phenotypes, both the M2 phenotype
(promotes tissue repair) and M1 phenotype (pro-inflammatory) deserve attention. In this study, we propose a
sequential immune activation strategy to mediate bone regeneration, by loading lipopolysaccharide (LPS) onto
the surface of a strontium (Sr) ions -contained composite scaffold, which was fabricated by combining Sr-doped
micro/nano-hydroxyapatite (HA) and dual degradable matrices of polycaprolactone (PCL) and poly (lactic-co-
glycolic acid) (PLGA). Our strategy involves the sequential release of LPS to promote macrophage homing and
induce the expression of the pro-inflammatory M1 phenotype, followed by the release of Sr ions to suppress
inflammation. In vitro and in vivo experiments demonstrated that, the appropriate pro-inflammatory effects at the
initial stage of implantation, along with the anti-inflammatory effects at the later stage, as well as the structural
stability of the scaffolds conferred by the composition, can synergistically promote the regeneration and repair of

bone defects.

1. Introduction

The immune response plays a crucial role in the healing process
following tissue injury, influencing the speed and outcome of tissue
regeneration and functional recovery [1-3]. In response, manipulating
immune responses through biomaterial-associated strategies has
emerged as an attractive approach in regenerative medicine [4,5].

The monocyte/macrophage system serves as the primary regulator of
the immune response [6,7]. In response to tissue injury, monocytes are
rapidly recruited to the injury site and undergo differentiation into
macrophages [8]. These macrophages exhibit remarkable plasticity,
allowing them to respond effectively to environmental signals and adjust
their phenotype accordingly [9]. Typically, within approximately one
week after injury, macrophages display a pro-inflammatory phenotype
(M1), aiding in the clearance of damage-associated and
pathogen-associated molecular patterns. Subsequently, there is a
gradual transition of macrophages from the M1 to the M2 phenotype,
with M2 macrophages promoting tissue repair [5,10]. The
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pro-inflammatory M1 macrophages are crucial for initiating the healing
process, while tissue healing requires the polarization of macrophages to
the pro-regenerative M2 phenotype [3,11]. While the recruitment of
macrophages to injury sites and their transition from the M1 to M2
phenotype occur naturally [10], However, for large-scale injuries
requiring scaffold implantation to assist the healing process, cell infil-
tration, including macrophages, can be challenging due to the lack of
blood vessels and nutrients. Therefore, artificial intervention to promote
the transition of macrophage phenotype could enhance the healing
process [12,13].

Based on the above points, this study proposes a hypothesis for
scaffolds designed for immunomodulatory bone regeneration: they
should be able to recruit macrophages in the early stage to clear injury-
related molecules or pathogens, relying on pro-inflammatory M1 mac-
rophages. Subsequently, when macrophages come into contact with the
scaffold material, they should be able to quickly polarize into a pro-
regenerative M2 phenotype to mediate tissue regeneration. Therefore,
an ideal immunomodulatory biomaterial model should integrate pro-
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inflammatory functions in the early stage with a pro-regenerative effect
in the late stage. The in vitro feasibility of this model has been prelimi-
narily demonstrated by Tan et al. [14]. They explored the response of
macrophages to titanium dioxide nanotubes loaded with lipopolysac-
charide (LPS), and showed that owing to the pro-inflammatory prop-
erties of LPS and the pro-regenerative properties of titanium dioxide, the
inflammatory genes of macrophages first increased and then decreased
in vitro. However, the in vivo effectiveness of such a model in bone repair
scaffolds remains unclear, and its feasibility needs further verification.
In particular, the selection of pro-inflammatory and anti-inflammatory
factors and the concerted application of scaffold materials must be
explored further [3,15].

Porous scaffolds, composed of inorganic hydroxyapatite (HA) and
organic degradable polymers, are considered promising candidates for
immunomodulatory bone regeneration, as they have been shown to be
effective in bone regeneration [16,17]. The degradability of a scaffold
can be a critical factor affecting osteogenesis. Our previous studies
explored the effect of scaffold degradability on osteogenesis using three
HA/polymer scaffolds and concluded that an ideal scaffold should
achieve a balance between maintaining structural integrity and degra-
dation rate [18,19]. Obviously, balancing degradation and structural
integrity is challenging when using a single polymer. Therefore,
employing two or more polymers with different degradation rates as the
matrix material of a porous scaffold may facilitate achieving this bal-
ance. For example, one polymer with a faster degradation rate (e.g.,
PLGA, with a in vivo degradation time of several months) could degrade
quickly to create space and facilitate the release of necessary elements
for bone ingrowth, while another polymer with slower degradation (e.g.,
PCL, with a in vivo degradation time of 1-2 years) could maintain
structural integrity. In recent years, researchers have developed several
scaffolds with a dual matrix of PCL/PLGA to address this challenge [20,
21]. These studies have demonstrated the feasibility of the PCL/PLGA
dual-matrix scaffold model.

When comparing different hydroxyapatite (HA) morphologies used
to reinforce the polymer matrix, HA whiskers with higher aspect ratios
have been shown to improve the mechanical strength of scaffolds more
effectively than HA microspheres or particles, although this depends
mainly on the degree of dispersion [22,23]. In a previous study, we
developed strontium-doped ultralong HA whiskers (SrHAW) [24],
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which can be used to synergistically reinforce a polymer matrix with
Sr-doped nano-HA (n-SrHA) to construct a carrier scaffold for immu-
nomodulatory bone regeneration. Here, Sr ions can be used to regulate
the polarization of macrophages towards the anti-inflammatory M2
phenotype, as well as an active component of osteogenesis, because
previous studies have reported that Sr ions can enhance the differenti-
ation of bone marrow mesenchymal stem cells (BMSCs) into osteoblasts,
alleviate osteoclast activity, and facilitate angiogenesis by regulating
macrophage phenotype [25-27].

In this study, as diagramed in Fig. 1, strontium-doped ultralong HA
whiskers (STHAW) and strontium-doped nano-HA (n-SrHA) were syn-
thesized and combined with PCL/PLGA dual matrices to prepare a
composite porous scaffold (SHPP) with improved mechanical proper-
ties. Additionally, lipopolysaccharide (LPS) was physically adsorbed
onto the SHPP composite scaffold to construct an SHPP/LPS scaffold. It
is anticipated that LPS will be rapidly released after implantation to
promote macrophage homing in defects and induce the pro-
inflammatory M1 phenotype [28], thus facilitating immune clearance.
Subsequently, with the effect of Sr ions, macrophages could gradually
polarize into the M2 phenotype, promoting tissue repair. The immuno-
regulatory, angiogenic, and osteogenic effects of the SHPP/LPS scaffold
were investigated to explore the feasibility of the new sequential
immunomodulatory biomaterial model for bone regeneration.

2. Materials and methods
2.1. Reagents

PCL (MW = 80 kDa) was purchased from Shenzhen Esun Industrial
Co., Ltd., China. PLGA (75:25, MW = 93 kDa) was purchased from Jinan
Daigang Biological Materials Co., LTD, China. r-glutamic acid (L-Glu)
and strontium chloride hexahydrate (SrCl,e6H>0) were purchased from
Meilun Biological Co., LTD, China. Other inorganic raw materials were
of AR grade and purchased from Chengdu Kelong Chemical Co., LTD,
China.
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Fig. 1. Synthesis of SHPP/LPS composite scaffold and evaluation of its immune-mediated angiogenesis and osteogenesis in vitro and in vivo.
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2.2. Synthesis and characterization of strontium-doped hydroxyapatite
whiskers (STHAW) and nanoparticles (n-SrHA)

SrHAW was synthesized using a bi-solvent (ethanol and water) sys-
tem that we developed previously [24], where L-Glu was employed as a
template and the molar ratio of Sr/(Sr + Ca) in the solution was
controlled at 0.1. A wet chemical method without further sintering was
used to fabricate n-SrHA, and the molar ratio of Sr to (Sr + Ca) in the
solution was 0.1. The synthesis methods for STHAW and n-SrHA are
detailed in the Supplementary Information (SI).

The morphologies of the S'THAW and n-SrHA were observed using
scanning electron microscopy (SEM, JSM-6510LV, Japan). The compo-
nents and crystalline nature of STHAW and n-SrHA were characterized
by X-ray diffraction (XRD, DX2500, China) (with Cu Ka radiation at 40
kV and 25 mA). Transmission electron microscopy (TEM, Tecnai G2 F20
STWIN, USA) and energy dispersive spectroscopy (EDS, X-MaxN 20,
Oxford, UK) were used to further investigate the crystallization state and
Sr content of STHAW.

2.3. Fabrication of porous scaffolds with different StHAW/n-SrHA
proportions

To investigate the effect of the n-SrHA/SrHAW ratio on the perfor-
mance of the porous scaffolds, StHAW and n-SrHA were combined into a
PCL/PLGA matrix at different proportions, and then porous scaffolds
were prepared using the particle leaching method [29]. To investigate
the effect of the combination of PCL and PLGA and the introduction of Sr
element on the scaffold performance, n-HA/PCL and n-HA/PCL/PLGA
scaffolds were prepared for comparison. The abbreviations and formulae
for the scaffolds are listed in Table 1.

2.4. Physicochemical characterization of the composite scaffolds

The morphologies of the scaffolds were observed by SEM, and the
composition and elemental distribution in the scaffold were measured
via EDS. The porosity of the scaffolds was determined in a gravity bottle
using the ethanol immersion method [18].

The compressive strength and modulus of the scaffolds were evalu-
ated using a universal mechanical testing machine (Autograph AG-IC
20/50 KN, Japan) according to the ASTM 5024-95 standard. The size
of scaffolds for test was ®10 mm x 10 mm, the compression head speed
was 0.5 mm/min, the stress when the deformation reached 40 % of the
original length was considered as the compressive strength of the scaf-
fold, and the experiment was performed in quintuplicate.

2.5. Degradation assay in vitro

The porous scaffolds (®6 mm x 5 mm) were immersed in 5 mL PE
tubes containing 4 mL deionized water, respectively, and placed in an
oscillating chamber (37 °C) with a frequency of 2 Hz. Each group con-
tained five parallel samples at each time point. The mass of the
remaining scaffold and the pH value of the degradation solution were
recorded at t weeks (t=0, 1, 4, 8, 12, 24 weeks), and the concentrations
of Ca and Sr in the degradation solution were measured by ICP-OES
(Spectro, Germany). The relative residual mass My was calculated

Table 1
Abbreviation and formula of scaffolds (wt%).
n-HA STHAW n-SrHA PCL PLGA

n-HA/PCL 30 0 0 70 0
n-HA/PCL/PLGA 30 0 0 50 20
SHPP-0 0 0 30 50 20
SHPP-1 0 10 20 50 20
SHPP-1.5 0 15 15 50 20
SHPP-2 0 20 10 50 20
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using the following formula:

M,
Mp=—" % 100%
M,

where W is the initial mass of the scaffold before the degradation test
and M, is the mass of the scaffold after degradation for t weeks.

The compressive strength and compressive modulus of scaffolds
(®10 mm x 10 mm) after 12 weeks degradation was tested to assess the
effect of degradation on the mechanical strength changes.

2.6. LPS loading and release of scaffold

The optimized SrHAW-incorporated composite scaffold was named
SHPP and selected for LPS loading by comparing its compressive prop-
erties. Briefly, 10, 20, and 50 pg/mL LPS solutions were prepared with
deionized water. The SHPP scaffolds were immersed in the above three
LPS solutions, and the containers were placed in a vacuum drying oven.
The internal pressure of the drying oven was adjusted to be less than
0.08 MPa and maintained for 20 min to ensure that the pores of the
scaffold were filled with LPS solution. Thereafter, SHPP scaffold filled
with LPS solution was placed in a —80 °C refrigerator for 1 h. Finally,
SHPP scaffolds with different LPS loading were obtained by freeze-
drying, and named as SHPP/LPS, SHPP/LPS20, and SHPP/LPS50 scaf-
folds according to the concentration of immersed LPS solution.

For detecting LPS release, place a SHPP/LPS scaffold (#14 mm x 1
mm) in a 50 mL centrifuge tube, add 20 mL of bacterial endotoxin
detection water to each tube, and conduct the LPS release test in a 37 °C
constant temperature shaker. At 1, 2, 4, 8, 12, 24, 36,48, and 72 h later,
take 100 pL of the released liquid for detection, then supplement with
100 pL of bacterial endotoxin detection water in the tube. This experi-
ment uses a chromogenic matrix limulus amebocyte lysate (LAL) kit to
detect the amount of LPS released, and the specific steps are referred to
the manufacturer’s instructions (Beyotime, China). Cumulative release
amount and cumulative release rate were calculated and curved, 3
parallel samples at each time point.

2.7. Cell culture

Rat-derived bone marrow mesenchymal stem cells (MSCs), mouse-
derived macrophages RAW 264.7, and human umbilical vein endothe-
lial cells (HUVECs) were used for in vitro studies. The details of MSCs
extraction and culture refers to previous research [18]. RAW 264.7,
obtained from West China Hospital of Sichuan University, were cultured
in DMEM medium (Invitrogen, America) containing 10 % fetal bovine
serum (FBS, Invitrogen, America). HUVECs, also obtained from the West
China Hospital of Sichuan University, were cultured in ECM medium
(Invitrogen, America) containing 5 % FBS and 1 % endothelial cell
growth supplement/heparin kit (ECGS/H, PromoCell, Germany). All the
above three types of cells were cultured in a 37 °C incubator with 95 %
humidity and 5 % COa.

2.8. Evaluation of cytocompatibility of scaffolds

The scaffolds were cut into circular pieces (#14 mm x 1.5 mm) and
y-ray sterilized prior to evaluate their cytocompatibility. The 3rd pas-
sage MSCs were seeded onto the scaffolds at 2 x 10* cells/well in 24-
well plates. The morphology of the MSCs on the scaffolds was
observed using SEM. The proliferation of MSCs on the scaffolds was
evaluated using a CCK-8 assay (KGA317S-500, KeyGEN, China) with a
multilabel counter (Wallac Victor3 1420, PerkinElmer Co.) at 450 nm. A
tissue culture plate without the scaffold was used as the blank control.
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2.9. Evaluation of macrophage phenotypes regulation

2.9.1. Morphology of RAW 264.7 cells on scaffolds

The scaffold was placed in a 24-well plate, and the RAW 264.7 cells
were seeded on the scaffolds at 5 x 10* cells/well and co-cultured for 1
d. To investigate the effect of the scaffold on the morphology of mac-
rophages, the morphology of RAW 264.7 cells on the scaffold was
observed by SEM.

2.9.2. Immunofluorescence analysis of macrophage phenotypes

For the scaffold groups, 2 mL of the scaffold extract prepared with
DMEM complete medium (according to GB/T 16886-11, scaffold surface
area/medium = 3 cm?/mL) was injected into 6-well plates with cell
slides. For the Control group, 2 mL of complete normal DMEM was
added. Next, 1 mL of RAW 264.7 cells suspension (1 x 10° cells/mL) was
added to each well.

After culturing for 1 d, the supernatant was collected and filtered
through a sterile filter, Subsequently, macrophage conditioning medium
(CondM) of scaffold was prepared by mixed the supernatant with the
corresponding scaffold extract prepared with ECM or a-MEM complete
medium, at 1:1, for the later culture of HUVECs or MSCs cells. The
CondM of the corresponding scaffold or control was abbreviated as n-
HA/PCL/PLGA + CondM, n-SrHA/PCL/PLGA + CondM, SHPP +
CondM, SHPP/LPS + CondM, and Control + CondM.

The phenotypes of RAW 264.7 cells cultured in the scaffold extract
for 1 d were identified by immunofluorescence staining of CD206 and
inducible nitric oxide synthase and observed by laser confocal micro-
scopy (CLSM, NIKON Eclipse Ti, Japan) (blue for nucleus, stained by
DAPI, with emission wavelength of 420 nm; green for CD206, as shown
by FITC, with emission wavelength of 515-555 nm; red for iNOS, as
shown by CY3, with emission wavelength of 590 nm). Fluorescence
intensity was calculated using the ImageJ software.

2.10. Expression of angiogenic factors of HUVECs in macrophage
conditioned medium

The expression of platelet-endothelial cell adhesion molecule (CD31)
in HUVECs cultured in macrophage-conditioned medium was detected
by immunofluorescence staining according to the manufacturer’s pro-
tocol (Servicebio), and nuclei were stained with DAPI (Servicebio). The
stained HUVECs were observed by CLSM (Blue for nucleus, stained by
DAPI, emission wavelength 420 nm. Red for CD31, showed by CY3,
emission wavelength 590 nm). The fluorescence intensity was calcu-
lated using Image J software.

The mRNA expression of angiogenesis related genes (FGF-2, Angi-
ogen, VEGF and Angl) was detected by real-time quantitative poly-
merase chain reaction (RT-qPCR). The extract of the SHPP scaffold
without macrophage intervention is denoted as SHPP. Briefly, after
removing the medium, the cells were washed three times with PBS, 5
min each. Total RNA was extracted using an RNA extraction kit (Serv-
icebio, China) according to the manufacturer’s instructions. Total RNA
was reverse transcribed to obtain complementary DNA (cDNA). The
target gene was amplified using PCR. The gene expressions were
calculated by the 2724Ct method. GAPDH was used as the internal
reference, and the primer sequences for the internal reference and target
genes are listed in Table S1.

2.11. Expression of osteogenic related genes in MSCs in macrophage
conditioned medium

The mRNA expression of osteogenesis-related genes (BMP-2 and
OCN) was also detected by RT-qPCR to investigate the effects of mac-
rophages conditioned medium on promoting the osteogenic differenti-
ation of MSCs. The process of RT-qPCR refers section 2.10, $-actin was
set as the internal reference, and the primers of osteogenic genes were
shown in Table S2. Before RT-qPCR test, the MSCs were inoculated with
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conditioned medium for 10 d.
2.12. Evaluation of inflammatory response in subcutaneous implantation

The scaffolds were cut into circular pieces with the size of ®5 mm x
1 mm, sterilized by y ray irradiation and subcutaneously implanted
respectively into SD rats of approximately 300 g. Four parallel samples
were set for each sample at each time point. Further, the wound directly
sutured without implanting scaffold were set as blank control. The
implanted scaffolds, together with the surrounding skin tissue, were
harvested from the sacrificed animals 1 and 2 week(s) post-surgery. All
animal experiments were approved by the Ethics Committee of West
China Hospital of Sichuan University (2020264A). The fixed samples
were paraffin-embedded and sectioned for H&E staining and immuno-
histochemical (IHC) staining of CD163 (a marker of M2 macrophages)
and iNOS (a marker of M1 macrophages) according to the manufac-
turer’s instructions. Finally, stained sections were observed and photo-
graphed under a light microscope (TE 2000-U; Nikon, Tokyo, Japan).

2.13. Evaluation of in vivo osteogenesis

The scaffolds were cut into columns measuring ®5 mm x 4 mm, and
sterilized by y ray irradiation. A defect of ® 5 mm x 4 mm was drilled in
the medial condyle of the femur at SD rats of approximately 300 g. The
scaffolds were implanted into the defects and the wounds were sutured.
Five parallel samples were set for each sample at each time point, and
defects directly sutured without implanting scaffold were set as blank
control. Femoral condyles were harvested at 4 and 12 weeks post-
operatively and fixed with 4 % paraformaldehyde for 1 week for micro-
CT or histological section analysis. All animal experiments were
approved by the Ethics Committee of West China Hospital of Sichuan
University (2020264A).

2.13.1. Reconstruction of new bone by micro-CT

Harvested femoral condyles were scanned, reconstructed, and
quantitatively analyzed using micro-CT (Scanco Medical, Bru Ttisellen,
Switzerland). A threshold of 220-1000 was used to distinguish bone
tissue from scaffold material. A circular region of interest (ROI) of ®5
mm was selected in the implantation area and a three-dimensional (3D)
reconstructed image of the new bone tissue was obtained from 100 axial
images. The bone volume to total volume ratio (BV/TV), trabecular
thickness (Tb.Th) and trabecular separation (Tb.Sp) was calculated
using the software attached to the micro-CT according to the 3D
reconstructed images.

2.13.2. H&E staining of bone tissue

The fixed bone tissues were decalcified, paraffin-embedded, and
sectioned for H&E staining, according to the manufacturer’s in-
structions. Finally, the stained sections were observed and photo-
graphed under a light microscope.

2.14. Statistical analysis

Quantitative data were expressed as mean + standard deviation
(SD), and Student’s t-test was performed to assess statistical significance
using SPASS software. Differences were considered significant at P <
0.05.

3. Results and discussion
3.1. Morphology and composition of SfHAW and n-SrHA

SEM images (Fig. 2A and B) revealed that the Sr-doped HA whiskers
(StTHAW) were approximately 50-80 pm in length and 0.5-1 pm in

diameter. The Sr-doped nano HA (n-SrHA) appeared as short rods, with
most rods measuring 70-100 nm in length and 10-20 nm in diameter.
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Fig. 2. Micro/nano Sr-dopped HA for scaffolds. SEM images of StHAW (A) and n-SrHA (B); XRD patterns of SSHAW and n-SrHA (C); HRTEM image and SAED pattern
(inset) of STHAW(D); EDS elemental analysis of StHAW (E); Schematic process for the formation of StTHAW crystals (F).

Both types of Sr-doped HA exhibited uniform size distributions suitable
for reinforcing the polymer matrix. XRD patterns (Fig. 2C) showed peaks
consistent with standard HA samples (JCPDS No.09-0432), with differ-
ences in peak intensity. STHAW exhibited significantly higher peak in-
tensity than n-SrHA, likely due to its larger crystal size and higher
crystallinity.

The results of the crystal plane spacing (in Fig. 2D, the crystal plane
spacing of the (0 0 2) plane is 0.341 nm) and the SAED pattern (inset in
Fig. 2D) showed that each whisker of SSHAW was an HA single crystal.
High crystallinity always implies fewer defects; therefore, the single-
crystal structure may be helpful for StHAW to maintain its structural
stability such that it served more effectively as a reinforcing phase.
SrHAW and n-SrHA possessed almost the same EDS spectra and similar
Sr/(Sr + Ca); thus, herein, only the results of STHAW are selectively
shown. The EDS spectrum (Fig. 2E) indicates the presence of Sr, and the
molar ratio of Sr/(Sr + Ca) was approximately 0.108, which is close to
preset one.

Our previous study presented the mechanism for the formation of
ultralong whiskers [24]. In conclusion, there are two adsorption modes
of L-glu on HA surface. One is, as shown in Fig. 2Fi, the amino group of
L-glu adsorbed directly onto the (0 0 1) plane of HA, and the linkage
between adjacent L-glu barely occurred. Another is, as shown in
Fig. 2Fii, the carboxyl group adjacent to the a-site carbon adsorbs to the
(1 0 0) plane of HA, the free amino group can couple the free carboxyl
group of adjacent L-glu to form the C-N-C layered structure on (1 0 0)
plane. The relatively free adsorption model was easier to adsorb and
desorb than the layered structure, thus the adsorption/desorption
behavior of L-glu on (0 0 1) plane was more frequent and easier than that
occurring on (1 0 0) plane. Consequently, as shown in Fig. 2Fiii, HA
crystal grew along the c-axis and formed whiskers.

3.2. Optimization of the SrHAW and n-SrHA composite proportion in the
scaffolds

Fig. 3A and B shows the porous structures of StTHAW- and n-SrHA-
reinforced PCL/PLGA composite scaffolds. As evident, the size of most

large pores in the scaffold ranged as 250-550 pm, and the large pores
connected with each other through little pores to ensure the penetra-
bility of the porous scaffolds. The porosities of the scaffolds with
different ratios of StHAW and n-SrHA were similar and greater than 70
% (Fig. 3C). The rough surface structure of the scaffolds was conducive
to the adsorption of proteins and attachment of cells, and the highly
permeable pore structure and high porosity were suitable for the growth
of new bone tissue into the scaffolds as well as for the transportation of
oxygen and nutrients [30,31]. Fig. 3D and G shows the compressive
strength and modulus of the composite scaffolds, respectively.
Compared with the n-HA/PCL scaffold, after 2/7 of PCL was replaced
with PLGA, the compressive strength of the SHPP-0O scaffold did not
change significantly; However, the compressive modulus was signifi-
cantly improved. After the STHAW whiskers were incorporated, the
compressive strength and modulus of the scaffolds significantly
improved, and the SHPP-1.5 scaffold exhibited the highest compressive
strength and modulus. With a further increase in the STHAW ratio, the
modulus of the SHPP-2 scaffold was similar with that of the SHPP-1.5,
whereas the strength of SHPP-2 decreased significantly. The amplified
SEM images showed that the whiskers (StTHAW) in the SHPP-1.5 scaffold
were uniformly dispersed and anchored in the polymer matrix (Fig. 3E
and F), indicating that STHAW played a role in strengthening the poly-
mer matrix. The whiskers play roles in enhancing the polymer matrix
through four mechanisms, including crack deflection, crack bridge link,
whisker pullout and microcrack propagation. For more details, please
refer to previous research [32].

Whereas, agglomeration of StHAW was observed in SHPP-2 (Fig. 3H
and I), STHAW was not evenly distributed in nor fully trapped by the
polymer matrix, which explains why the compressive strength of the
SHPP-2 scaffold was inferior to that of the SHPP-1.5 scaffold. Therefore,
the SHPP-1.5 scaffold was selected for subsequent studies and is
abbreviated as the SHPP scaffold.

The EDS spectrum (Fig. 3J) of the SHPP scaffold shows that the main
elements in the scaffold, including C, O, Ca, P, and Sr, were consistent
with those of the raw materials. The Sr/(Sr + Ca) ratio calculated from
EDS results was approximately 0.083, lower than that in StHAW and n-
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SrHA, also lower than true overall value in the scaffold. The direct
reason was that, EDS detected elemental signals 1 pm deep on the
scaffold material surface, while the dissolution loss ratio of Srions on the
surface of the scaffold was higher than that of Ca during removing pore-
forming agent. A deeper reason is that, compared with the relatively
perfect crystal structure of standard HA, partially Sr-doped HA is more
prone to crystal defects [33]. Thus, it is more prone to dissolution and
ionization, resulting in a lower ratio of Sr/(Sr + Ca) in the remaining
crystals. Fig. 3L shows that Sr is composed of two parts: one originates
from SrHAW (denoted by the green dotted box), and the other from
n-SrHA dispersed uniformly in the scaffold.

3.3. In vitro degradation of scaffolds and release of Ca and Sr ions

Fig. 4 shows the in vitro degradation results of the scaffolds. The

degradation of the SHPP scaffolds gradually slowed over 24 weeks. This
is because the proportion of PLGA in the scaffold was relatively high at
the beginning; therefore, a relatively fast degradation rate was observed
in the early stage. The degradation rate flattened as the proportion of
PLGA decreased. After 12 weeks of degradation, both the compressive
strength and modulus of the SHPP scaffold decreased by approximately
25 % and 33 %, respectively (Fig. 4B and C), which is mainly attributed
to the increase in vacancies caused by degradation in the scaffold.
However, such a decrease would not cause structural collapse. In addi-
tion, this gradual decrease in compressive strength may expose new
bone tissue to increased force stimulation, thus promoting the bearing
capacity of the new bone tissue after implantation and accelerating bone
regeneration and reconstruction [34,35].

To better understand the degradation behavior of the SHPP scaffold,
the effects of StHAW whisker incorporation on the degradation of the
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degradation solution (I).

SHPP scaffold, PCL single-matrix scaffold (n-HA/PCL scaffold), and
dual-matrix scaffolds without STHAW (n-HA/PCL/PLGA and n-SrHA/
PCL/PLGA scaffolds) were used for comparison. The slowly degrading n-
HA/PCL scaffold maintained its initial shape after 12 weeks of degra-
dation (Fig. 4A), and almost no mass loss was observed after 24 weeks
(<2 %, Fig. 4D). Consequently, changes in pH (Fig. 4E) and accumulated
Ca ions (Fig. 4F) in the n-HA/PCL group were minor. The degradation
behaviors of the n-HA/PCL/PLGA and n-SrHA/PCL/PLGA scaffolds
were analogous. Under erosion of the aqueous solution, the overall size
of the two scaffolds was reduced, and the original edges of the cylinder
became more rounded (Fig. 4A). Further, their mass loss was the largest
among all scaffolds (Fig. 4D), and the change in pH value and the con-
centration of Ca or (Ca + Sr) was also the highest. The SHPP scaffold
maintained its structural integrity after 12 weeks of degradation
(Fig. 4A). Its size and shape did not change significantly compared with
the n-HA/PCL/PLGA and n-SrHA/PCL/PLGA scaffolds, and its appear-
ance was indistinguishable from that of the n-HA/PCL scaffold. This
phenomenon was mainly owing to the strengthening effect of the
SrHAW whiskers, which effectively resisted the damage caused by so-
lution erosion. However, compared to the n-HA/PCL scaffold, the SHPP
scaffold exhibited significant degradation (Fig. 4D-I). The mass loss of
the SHPP scaffold after 24 weeks was approximately half that of the n-
HA/PCL/PLGA and n-SrHA/PCL/PLGA scaffolds (Fig. 4D). The pH value
change trend of the SHPP group was consistent with the trend of the n-

HA/PCL/PLGA and n-SrHA/PCL/PLGA groups (Fig. 4E). The pH
decreased rapidly in the first 4 weeks, and the decline leveled off in the
subsequent 20 weeks. After 24 weeks, the pH of the SHPP group was
approximately 5.5, and less acidic than those of the n-HA/PCL/PLGA
and n-SrHA/PCL/PLGA groups. The accumulated ion concentration in
the SHPP group exhibited a gradual upward trend (Fig. 4F-G). After 24
weeks of degradation, the accumulated Sr and (Ca + Sr) ion concen-
trations in the SHPP group were approximately 76 % and 64 %,
respectively, of those in the n-SrHA/PCL/PLGA group. The Sr/(Ca + Sr)
ratio in the degradation solution of the n-SrHA/PCL/PLGA and SHPP
scaffolds was stable at approximately 9.5 % and 10.5 % (Fig. 4I),
respectively, indicating the ratio of Sr to replace Ca in the HA of the two
scaffolds (10 %).

The in vitro degradation study illustrates that, owing to the combi-
nation of dual-matrices, slow-degradable PCL, and fast-degradable
PLGA, the SHPP scaffold possesses gradient degradability. During the
24 weeks degradation period, PCL in the SHPP scaffold remained stable
and acted as a guardian to maintain structural integrity, whereas PLGA
acted as the main degradation contributor. In addition, the degradation
of inorganic particles (n-HA, n-SrHA, and StHAW) in the dual-matrix
scaffolds, which rarely occurred in the n-HA/PCL scaffold, was mainly
driven by the weakly acidic environment created by PLGA degradation.
This driving force promotes the sustained release of Ca and Sr ions,
which play important roles in bone formation after implantation.
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Furthermore, owing to the reinforcement and toughening effects of the
SrHAW whiskers, the SHPP scaffold was more resistant to structural
damage when subjected to solution erosion.

3.4. Adhesion and proliferation of MSCs on scaffolds

The cytocompatibility of the scaffolds was studied based on the
adhesion and proliferation behaviors of MSCs on the scaffolds. SEM
observations (Fig. 5A) showed that after 4 and 7 d of culture, MSCs
(endowed with a green pseudocolor) spread well on the surface of all
three scaffolds, exhibiting typical polygons of MSCs and abundant
pseudopods. Specifically, the cells were in contact with each other
through extensions of longer and more pseudopodia after 7 d. Benefit-
ting from the partially exposed STHAW whiskers, the SHPP scaffold
provided more climbing sites for cells; therefore, MSCs presented a 3D
climbing growth trend on the scaffolds after 4 d. CCK-8 results (Fig. 5B)
showed that although the optical density (OD, reflecting relative cell
quantity) of all the three scaffolds was lower than that of the control, a
significant upward proliferation trend of MSCs was observed in all three
scaffold groups for 1-7 d. Moreover, the OD value of each scaffold group
was greater than 80 % of that of the control during all 7 days, and the
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corresponding cytotoxicity grade is 1, indicating no significant cyto-
toxicity. These results suggest that all three scaffolds have good cyto-
compatibility and that the subsequent study schedule can run forward.

3.5. Regulation of macrophage polarization

Previous studies reported that Sr doping can promote early angio-
genesis, owing to the role of Sr ions in regulating macrophage polari-
zation into the M2 phenotype [27]. Pure PLGA scaffolds have been
reported to be associated with stronger inflammatory responses [36]. To
explore the effect of the composite scaffolds containing Sr ions and
PLGA, we investigated the effects of n-HA/PCL/PLGA,
n-STHA/PCL/PLGA, and SHPP scaffolds on macrophage phenotype
regulation. We also investigated macrophage response to the SHPP/LPS
scaffold to explore whether the introduction of the pro-inflammatory
active ingredient LPS would completely polarize macrophages into the
M1 phenotype. Fig. 5C shows that the cells in the control group were
spherical or ellipsoidal, with few short pseudopods, and in an unpolar-
ized state. However, the cells in all the scaffold groups presented
numerous longer pseudopods and were polarized to certain a degree.
Previous studies have reported that, the macrophages of M1 phenotype
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Fig. 5. Pseudocolor treated SEM images of MSCs cultured on the n-HA/PCL/PLGA, n-SrHA/PCL/PLGA and SHPP scaffolds (A); CCK-8 assay for cell proliferation of

MSCs cultured with the scaffolds (B) (n = 3, *P < 0.05 , **P < 0.01

, ¥**P < 0.001); Pseudocolor treated SEM images of RAW 264.7 cells cultured on scaffolds for 1

day (C); Immunofluorescence staining images of RAW 264.7 cultured with the scaffold extract solution for 1 day (D) and the fluorescence intensity ratio of CD206 to
iNOS that normalized to Control (E). * represents comparing with Control, @ represents comparing with SHPP/LPS, & represents comparing with SHPP, and %
represents comparing with n-SrHA/PCL/PLGA. n = 3, take * as an example, *P < 0.05, **P < 0.01, ***P < 0.001.
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were relatively spherical, while M2 phenotype were relatively elongated
[37,38]. Accordingly, based on the results shown in Fig. 5C, it can be
predicted that the n-SrHA/PCL/PLGA scaffold was more capable of
polarizing macrophages towards M2 phenotype, whereas the
n-HA/PCL/PLGA scaffold mainly polarizes macrophages towards M1
phenotype. The SHPP scaffold can polarize macrophages towards M2
phenotype to a certain extent; therefore, the cells on the SHPP/LPS
scaffold were not completely spherical, despite LPS loading in the
scaffold. LPS release curve from per cubic centimeter of SHPP/LPS
scaffold was shown in Fig. S1. LPS released rapidly from scaffold within
8 h and slowed down at 12 h. At 72 h, the cumulative release of LPS in
the scaffold was about 450 ng, and the cumulative release rate was about
90 %.

The immunofluorescence staining results (Fig. 5D) of RAW 264.7
macrophages, were consistent with the results from SEM. The expression
levels of CD206 (a marker of M2 macrophages, green fluorescence) and
iNOS (a marker of M1 macrophages, red fluorescence) in the control
group were similar, and the images were yellow after merging. The n-
SrHA/PCL/PLGA group polarized macrophages towards the anti-
inflammatory M2 phenotype; thus, CD206 was highly expressed. The
n-HA/PCL/PLGA group mainly promoted the polarization of macro-
phages into the pro-inflammatory M1 phenotype; therefore, iNOS was
highly expressed in these cells. The results of the SHPP scaffold group
did not exhibit a significant trend towards M2 phenotype, and the
overall expression level was similar to that of the control group. Inter-
estingly, although LPS was introduced, the overall expression of CD206
in the SHPP/LPS scaffold was slightly higher, and the fluorescence in-
tensity ratio of CD206 to iNOS was higher than that in the control group
(P < 0.05).

Macrophage polarization can be influenced by the chemical
composition and physical properties of the scaffold [1,3,39]. As shown
by the in vitro degradation results in Section 3.3, the overall degradation
trends of n-HA/PCL/PLGA and n-SrHA/PCL/PLGA were similar, and the
difference was in the release of Sr and Ca ions. The n-HA/PCL/PLGA
scaffold or its extract induced the polarization of RAW 264.7 cells to-
wards M1 phenotype, which is mainly dominated by the acidic product
of scaffold PLGA, as pure PLGA scaffolds has been reported to be asso-
ciated with a stronger inflammatory response [36]. In the
n-StHA/PCL/PLGA group, M2 phenotype polarization of RAW 264.7
cells were observed. This may be owing to the dominant position of Sr
ions in the antagonism between Sr ions and PLGA acidic products, due to
the key role of Sr ions in promoting M2 phenotypes of macrophages [27,
40]. Therefore, the presence of Sr ions in the SHPP scaffold antagonized
the M1 phenotype polarization effect of macrophages induced by acid
products compared with the n-HA/PCL/PLGA group. M2 phenotype
polarization in the SHPP group was not as clear as that in the
n-SrHA/PCL/PLGA group, which could be attributed to the lower Sr ion
concentration released by the whiskers in the SHPP scaffold because the
whiskers were highly crystalline. The effect of the SHPP scaffold on M2
polarization from immunofluorescence staining was not as obvious as
that from SEM observation, which could be attributed to the different
characterization processes in the two methods, one in culture with the
extract (to avoid the interference of spontaneous fluorescence of mate-
rials) and one in direct contact with the scaffold. When scaffold extract is
used, the cells are stimulated only by the degradation products in the
extract. When the cells are directly cultured on the scaffold, they are
affected by the released ions and degraded products as well as the
chemical composition and physical properties of the scaffold itself. For
instance, the higher rigidity of materials has been reported to promote
the M2 phenotype polarization of macrophages [41,42]. In the SHPP
scaffold, both the undissolved Sr-doped inorganic active ingredients and
the higher rigidity (compressive modulus) of the SHPP scaffold
compared to those of the n-SrHA/PCL/PLGA scaffold can stimulate the
M2 phenotype polarization of macrophages. Therefore, in the SEM re-
sults, the SHPP scaffold exhibited a relatively obvious trend of pro-
moting M2 polarization. In the real situation of scaffold implantation in
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vivo, the degradation products and material matrix of the scaffold
interact with cells together; therefore, the SEM result that the SHPP
scaffold can promote macrophage polarization to M2 phenotype is
credible. For the SHPP/LPS scaffold, macrophages showed the coexis-
tence of anti-inflammatory and pro-inflammatory phenotypes, indi-
cating that the presence of LPS did not completely polarize macrophages
to the M1 phenotype, further illustrating that the SHPP scaffold has the
potential to resist the polarization of macrophages into the M1 pheno-
type after LPS stimulation.

3.6. Effects of macrophage conditioned medium on the expression of
angiogenic factors of HUVECs

Vascularization is essential for the growth of most tissues. For a long
time, macrophages were considered to play a key regulatory role in
angiogenesis [43-45]. In this section, the proangiogenic potential of
macrophage-conditioned media from several scaffolds was explored.
Immunofluorescence staining of CD31 in HUVECs (Fig. 6A and B)
showed that, compared with the Control + CondM group, CD31 over-
expression was observed in several scaffold macrophage-conditioned
medium groups (P < 0.05). Specifically, the n-SrHA/PCL/PLGA +
CondM group exhibited the highest expression of CD31, which was
approximately twice that of the Control + CondM group. The expression
of CD31 in the SHPP + CondM and SHPP/LPS + CondM groups was
slightly lower than that in the n-SrtHA/PCL/PLGA + CondM group and
higher than that in the n-HA/PCL/PLGA + CondM group. In the SHPP
group without macrophage intervention, almost no obvious expression
of CD31 was observed, similar with the Control + CondM group. These
results suggest that 1) the n-HA/PCL/PLGA, n-StHA/PCL/PLGA, SHPP,
and SHPP/LPS scaffolds may upregulate the expression of CD31 in
HUVEGCs by activating macrophages to M1 or M2 phenotype, and 2) the
higher the ability to polarize M2, the higher the expression of CD31.

The expression of angiogenesis-related genes in HUVECs, as deter-
mined by RT-qPCR (Fig. 6C), was consistent with the trend in CD31
expression. The n-SrHA/PCL/PLGA + CondM group exhibited the
highest up-regulation expression of FGF-2, angiogenesis, VEGF, and
Ang1 among all the groups (P < 0.001), which could be attributed to the
effect of the scaffold on polarizing macrophages into M2 phenotype.
Compared with the Control + CondM, there was no significant up-
regulation of angiogenesis-related genes in the SHPP group (P >
0.05), whereas the SHPP + CondM group showed significant up-
regulation of FGF-2, Angiogen and Angl expression (P < 0.05). This
further confirmed that SHPP and n-SrHA/PCL/PLGA may promote
angiogenesis indirectly by regulating the phenotypes of macrophages.
The expression of FGF-2, Angiogenin and Angl in SHPP/LPS + CondM
group was slightly downregulated compared with that in the SHPP +
CondM group (P < 0.05), and the expression level of VEGF was similar to
that in the SHPP + CondM group. In addition, the expression of
Angiogenin, VEGF, and Angl in SHPP/LPS + CondM group was higher
than that in the Control + CondM group (P < 0.05), suggesting that the
changes in macrophage behavior induced by LPS can affect the cytokine
expression of HUVECs. The expression of Angiogenin and FGF-2 in the n-
HA/PCL/PLGA + CondM group was similar to that in the Control +
CondM group (P > 0.05); however, its VEGF and Angl expression was
significantly upregulated, and its VEGF level was comparable to the
SHPP + CondM group. Moreover, Angl was significantly higher than
that of the SHPP + CondM group (P < 0.05). The RT-qPCR results
further indicated that both M1 and M2 phenotype polarization of mac-
rophages induced by scaffold materials may upregulate the expression of
angiogenesis-related factors in HUVECs; however, M2 polarization of
macrophages exhibited a more significant promoting effect than M1
polarization.
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3.7. Effects of macrophage conditioned medium on the expression of
osteogenic factors of MSCs

To investigate whether macrophage-conditioned media have the
potential to promote the osteogenic differentiation of MSCs, the
expression of BMP-2 and OCN in MSCs after 10 d of culture was detected
by RT-qPCR (Fig. 6D). The expressions of BMP-2 and OCN in the SHPP
+ CondM, SHPP, and SHPP/LPS + CondM groups were not significantly
different. This indicated that the regulation of macrophage polarization
by the scaffold had no significant effect on the expression of
osteogenesis-related genes in MSCs and that the introduction of a small
amount of LPS did not directly downregulate osteogenesis-related gene
expression. The expression in the n-HA/PCL/PLGA + CondM group was
not significantly different from that in the SHPP + CondM, SHPP, and
SHPP/LPS + CondM groups, which may be explained by the difference
in Ca and Sr ion concentrations in the extracts. Both Ca and Sr ions can
affect the migration, proliferation, and differentiation of osteoblasts [46,
47]. However, studies have shown that the introduction of a small
amount of Sr ions has a more significant osteogenic effect than Ca ions
alone [48]. In the present study, the degradation of the SHPP scaffold
and the release of ions were slower. The total Ca and Sr ion concentra-
tions in the SHPP extract were lower than those in the n-HA/PCL/PLGA
scaffold. Nevertheless, the stronger bone-promoting effect of Sr ions
relative to Ca ions compensated for the lack of overall ion concentration
in the SHPP scaffold; therefore, the expression of osteogenesis-related
genes was not significantly different between the n-HA/PCL/PLGA +
CondM and the SHPP + CondM, SHPP, and SHPP/LPS + CondM groups.
The expression levels of BMP-2 and OCN in the n-SrHA/PCL/PLGA +
CondM group were the highest among all groups, which could be
attributed to the higher concentration of Ca and Sr ions in the extract
compared with those in the SHPP group, wherein Sr ions played a more
dominant role.

Although the angiogenesis and osteogenesis effects in vitro of the

10

as an example, *P < 0.05, **P < 0.01, ***P < 0.001.

SHPP and SHPP/LPS scaffolds are indeed lower than those of the n-
SrHA/PCL/PLGA scaffold, the in vivo implantation environment is al-
ways more complicated, which might accelerate the degradation of
SHPP and SHPP/LPS scaffolds, thus increasing Sr ion release and
improving the efficiency of angiogenesis and osteogenesis. Considering
that the structural integrity and stability of the SHPP and SHPP/LPS
scaffolds may be beneficial for tissue regeneration in vivo, it is necessary
to compare the n-SrHA/PCL/PLGA, SHPP, and SHPP/LPS scaffolds
through in vivo implantation experiments.

3.8. Immune response induced by the scaffold in subcutaneous
implantation model

Material implantation is always accompanied by an immune
response that determines the process and outcome of tissue repair [1,
49]. To evaluate the inflammatory response of the scaffolds, the material
and surrounding tissues were histologically sectioned after subcutane-
ous implantation and stained with H&E and IHC.

The H&E staining results at 7 d (Fig. 7A) showed that the level of cell
infiltration in the n-HA/PCL/PLGA, n-SrHA/PCL/PLGA, and SHPP
scaffold groups was lower than that in the scaffold groups with LPS. The
infiltrating cells in the scaffold group without LPS were concentrated at
the edge of the scaffold, and fewer inflammatory cells were observed.
With the introduction and concentration elevation of LPS, cells gradu-
ally penetrated the inner area of the scaffold in the SHPP/LPS, SHPP/
LPS20, and SHPP/LPS50 groups, and the number of inflammatory cells
also gradually increased. These results indicate that LPS plays an
important role in recruiting cells to infiltrate in early, including in-
flammatory cells.

Neovascularization was observed in the implantation areas of all
groups (The enlarged H&E images in Fig. 7A). The semi-quantitative
results (Fig. 7B) showed that the relative vascular areas of the SHPP/
LPS20 and SHPP/LPS50 scaffolds with high LPS content were
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significantly higher than those of the n-HA/PCL/PLGA group (P < 0.05).
Although there were no significant differences among the other groups,
the mean value of the vascular area in the n-SrHA/PCL/PLGA group was
higher than that in the n-HA/PCL/PLGA group and slightly higher than
that in the SHPP group, indicating that Sr ion release in the n-SrHA/
PCL/PLGA scaffold can play a positive role in promoting angiogenesis.
In addition, the mean values of the vascular area in the SHPP, SHPP/
LPS, SHPP/LPS20, and SHPP/LPS50 scaffolds showed an increasing
trend. There may be at least two reasons for the positive effect of the
introduction and concentration elevation of LPS on angiogenesis: 1) the
introduction and concentration elevation of LPS in this study facilitated
increased infiltration of inflammatory cells, whereas previous studies
have shown that the upregulation of angiogenesis and vascular-related
factors is associated with inflammation [50,51]; 2) the introduction of
LPS could recruit more cells to the scaffold area, interact with the
scaffold material, and guide greater phagocytic behavior of inflamma-
tory cells to the scaffold. These interactions can accelerate the degra-
dation of the SHPP scaffold [52], resulting in the release of more Sr ions
and thus more effectively promoting angiogenesis.

[HC staining results for CD163 on day 7 (Fig. 7A and C) showed,
positive expression is observed in n-HA/PCL/PLGA, n-SrHA/PCL/PLGA
and SHPP groups, and relatively higher in the n-SrHA/PCL/PLGA and
SHPP groups. There was still certain CD163 expression in the SHPP/LPS
group; however, only sporadic CD163 expression was observed in the
SHPP/LPS20 group, and no obvious CD163 expression was observed in
the SHPP/LPS50 group. The IHC staining results for iNOS at 7 d were
opposite to those for CD163. Sporadic iNOS expression was observed in
the n-HA/PCL/PLGA group, whereas almost no iNOS expression was
observed in the n-SrtHA/PCL/PLGA and SHPP groups. With the intro-
duction and concentration increase of LPS, an upward trend in iNOS
expression was observed in the scaffolds. The above results suggest that,
at 7 days, macrophages in the n-SrHA/PCL/PLGA and SHPP groups were
mostly M2 phenotype, whereas in the n-HA/PCL/PLGA group, M1 and
M2 phenotype macrophages co-existed, with the majority being of M2
phenotype. This slightly deviated from the results of macrophage po-
larization in vitro (Fig. 5C and D). This is primarily because the inflam-
matory response in vivo was a dynamic and gradually fading process [3],
and with the fading of inflammation, M1 phenotype macrophages would
gradually disappear or transform into M2 phenotype under regulation of
biomaterials and body. Further, SHPP/LPS exhibited M1-and M2 phe-
notypes macrophages simultaneously, and the number of the two phe-
notypes were close. The macrophages in SHPP/LPS20 group were
mostly M1 phenotype. In addition, the number of macrophages in
SHPP/LPS50 group increased rapidly and were almost all M1
phenotype.

IHC staining results of CD163 at 14 d (Fig. 7A) showed that,
compared with the 7 d results, positive expression in the n-HA/PCL/
PLGA, n-SrHA/PCL/PLGA, and SHPP groups decreased sharply, with
only sporadic positive expression. Whereas CD163 expression in the
SHPP/LPS group was significantly increased, and a large number of
positive cells were observed in aggregation. CD163 expression in the
SHPP/LPS20 group was slightly increased compared with that 7 d re-
sults. In the SHPP/LPS50 group, no obvious CD163 positive expression
was observed, similar to the 7 d results. The IHC staining results of iNOS
at 14 d showed no significant positive expression of iNOS in the n-HA/
PCL/PLGA, n-StHA/PCL/PLGA, SHPP, and SHPP/LPS groups, while the
SHPP/LPS20 and SHPP/LPS50 groups still showed obvious positive
iNOS expression. These results suggest that at 14 d, inflammation in
most groups gradually subsided, and the number of macrophages
decreased overall, except for the SHPP/LPS20 and SHPP/LPS50 groups.
Sporadic M2 macrophages were observed in the n-HA/PCL/PLGA, n-
SrHA/PCL/PLGA, and SHPP groups. In the SHPP/LPS group, there were
still numerous M2 phenotype macrophages, which may be because, as
shown in Fig. 7C, M1 phenotype macrophages recruited by LPS in the
early stage were transformed into M2 phenotype under the regulation of
the scaffold. The macrophages in the SHPP/LPS20 and SHPP/LPS50
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groups were mostly of M1 phenotype, suggesting that the stronger in-
flammatory response caused by the high LPS content was difficult to
reverse by the scaffold effect.

All histological evaluation results illustrate that: 1) the n-SrtHA/PCL/
PLGA and SHPP groups have an optimistic effect on regulating the
macrophage phenotype and angiogenesis owing to the presence of Sr
ions. (2) The Introduction of LPS recruited more cells infiltration,
including macrophages. Pro-inflammatory M1 macrophages recruited
by a small amount of LPS (SHPP/LPS scaffold) in the early stage can be
reversely regulated by biomaterials at later stages (e.g., day 14) and
translocated to pro-regenerative M2 macrophages.

3.9. In vivo osteogenic effects of scaffolds

Fig. 8A and B shows the micro-CT reconstruction images and quan-
titative BV/TV, Tb.Th and Tb.Sp data after implantation into the femoral
condylar defect. At 4 weeks, there was only a small amount of bone
formation at the edge of the scaffolds or in the peripheral area of the
defects, and no significant difference was observed in the BV/TV, Tb.Th
and Tb.Sp value among the groups. At 12 weeks, BV/TV and Tb.Th in all
groups were significantly increased, and Tb.Sp was significantly
decreased, indicating that new bone formation was observed in all
groups, and bone was gradually maturing. Although there was no sig-
nificant difference observed in Tb.Th and Tb.Sp among all groups, new
bone formation in the SHPP/LPS group was better than that in the other
groups. More bone tissue grew into the middle area of the scaffold, and
its BV/TV value was significantly higher than that in the other groups (P
< 0.05). The n-SrHA/PCL/PLGA and SHPP groups also displayed good
osteogenic effects, and their BV/TV values were similar and significantly
higher than those of the SHPP/LPS50 group (P < 0.05). There was no
significant difference in BV/TV values among the remaining groups;
however, from the perspective of mean value, the order after the SHPP/
LPS group was n-StHA/PCL/PLGA and SHPP, Control, n-HA/PCL/PLGA,
SHPP/LPS20, and SHPP/LPS50.

The images of H&E-stained histological sections (Fig. 8C) showed
that all scaffolds maintained good structural integrity at 4 weeks; thus,
the defect area in all scaffold groups remained circular (dotted green
circles). After 12 weeks, the n-HA/PCL/PLGA and n-SrHA/PCL/PLGA
scaffolds deformed severely (green dotted circle), whereas the SHPP and
SHPP/LPS scaffolds maintained their initial circular shapes. This is
consistent with the in vitro degradation results (Fig. 4) wherein the
overall structure of the first two scaffolds significantly shrunk at 12
weeks after degradation, while the SHPP scaffolds maintained their
initial shape well. This further proved that the introduction of STHAW
whiskers played an important role in improving the deformation resis-
tance. SHPP/LPS20 and SHPP/LPS50 also showed a certain degree of
deformation, which may have been caused by the relatively strong in-
flammatory response triggered by excessive LPS, and the nibbling effect
of inflammatory cells accelerated the scaffold collapse. The enlarged
H&E images showed that at 4 weeks, numerous cells, including certain
multinucleated macrophages (red arrow), grew into the pore structure
of each scaffold. Immature braided bone formation (B, Fig. 8C) was
observed in the pore structure of the SHPP/LPS scaffold, whereas no
significant bone formation was observed in the other groups. In the
control group, a small amount of new bone was observed at the edge of
the defect. However, a large amount of loose connective tissue was
observed in the middle of the defect area, primarily because of the lack
of a block against the peripheral soft tissue. At 12 weeks, all scaffold
groups showed a certain amount of new bone formation in the defect
area, and the overall trend was consistent with the micro-CT results. In
the SHPP/LPS group, the new bone was continuous and clear in outline,
and there was almost no unmineralized fibrous tissue, indicating that
the mature bone tissue was preliminarily completed. No obvious fibrous
tissue was observed at the interface between the new bone and material,
indicating that the SHPP/LPS scaffold had good bone integration per-
formance. The SHPP group also formed significant new bones that
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Fig. 8. Micro-CT 3D reconstructed images of new bone tissue (A), and the quantitative BV/TV, Tb.Th, and Tb.Sp value (B) for scaffolds at 4 and 12 weeks after
implantation, * represents comparing with Control, " represents comparing with SHPP/LPS50, $ represents comparing with SHPP/LPS20, @ represents comparing
with SHPP/LPS. n = 3, take * as an example, *P < 0.05, **P < 0.01, ***P < 0.001; The images of H&E stained histological sections of scaffolds after implantation into
femoral condyle defects for 4 or 12 weeks (C), the dotted green circle denotes the defect area, M — scaffold material, B - new bone, red arrows denote inflammatory
cells, black arrows denote unmineralized fibrous tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

integrated well with the scaffold; however, a little unmineralized fibrous
tissue was observed (black arrow). The bone tissue continuity and
maturity were not as good as the SHPP/LPS group. Similar with the
SHPP group, the n-SrHA/PCL/PLGA group formed many new bones.
However, owing to the narrowing of space caused by the collapse of
scaffolds, bone tissue continuity and maturity in the n-StHA/PCL/PLGA
group were inferior to those in the SHPP and SHPP/LPS groups, which
indirectly indicates that the SHPP scaffold has a strong ability to
maintain structural integrity and effectively maintain the space for bone
tissue regeneration and reconstruction. Many new bone formations were
also observed in the n-HA/PCL/PLGA group. However, there was more

13

unmineralized fibrous tissue (black arrow) than in the n-SrHA/PCL/
PLGA group. As expected, significantly reduced bone formation and
more fibrous tissue were observed in the SHPP/LPS20 group, and the
SHPP/LPS50 group performed even worse, indicating that excessive LPS
had a negative effect on osteogenesis. At 12 weeks, the control group
also displayed certain new bones in the peripheral are; however, a large
amount of dense connective tissue differing from the bone tissue was
observed in the middle defect area, which may have resulted from the
gradual densification of the loose soft tissue invading early.

In vivo osteogenic results demonstrated the following: 1) The osteo-
genic effect of the n-SrHA/PCL/PLGA, SHPP, and SHPP/LPS scaffolds



J. Huang et al.

with Sr was better than that of n-HA/PCL/PLGA, indicating that the
presence of Sr ions can promote bone formation. By comprehensively
analyzing all in vivo and in vitro experiments, Sr ions may contribute to
bone formation in vivo for two reasons. First, Sr ions promote angio-
genesis in vivo by polarizing macrophages to M2 phenotype, thus pro-
moting continuous oxygen and nutrient delivery needed by oxidative
metabolism during osteogenesis, and indirectly promoting bone regen-
eration [53]. Second, Sr ions can promote the osteogenic differentiation
of osteogenic precursor cells. 2) The gradient degradation endowed by
the PCL/PLGA dual matrices, along with the structural integrity main-
tenance ability endowed by strontium-doped hydroxyapatite whiskers
(SrHAW), made the SHPP and SHPP/LPS groups with more continuous
bone structure formation. Gradient degradation ensured the continuous
release of Ca and Sr ions with osteogenic bioactivity, while avoiding the
rapid collapse of the scaffold structure. Moreover, the reinforcement
effect of SSHAW endowed the scaffold with a better ability to withstand
deformation under stress and in vivo environments, which plays an
important role in maintaining the growth space of the bone tissue. 3)
The introduction of a small amount of LPS had a positive effect on bone
formation; therefore, the SHPP/LPS group exhibited the best outcome of
bone formation among all groups. By comprehensively analyzing all in
vivo experiments, it can be concluded that LPS in scaffolds can recruit
various cells, including macrophages, to infiltrate and interact with the
scaffold at an early stage, thus initializing the tissue repair process as
early as possible.

The in vitro cell experiments and in vivo osteogenic results jointly
suggested that although the SHPP and SHPP/LPS scaffolds were inferior
to the n-SrHA/PCL/PLGA scaffold in vitro, they exhibited better osteo-
genic effects than the n-SrtHA/PCL/PLGA scaffold during in vivo im-
plantation. This is because the in vivo implantation environment was
more complicated than in vitro and accelerated the degradation of
scaffolds, which provided an opportunity for the release of more Sr and
Ca ions, thus improving the efficiency of angiogenesis and osteogenesis
in vivo. In addition, for the n-SrHA/PCL/PLGA scaffold, owing to the lack
of enhancement and toughening effects of STHAW, the complicated in
vivo environment resulted in rapid degradation and even structural
collapse of the scaffold (Fig. 8C). This, compromised the growth space of
the bone tissue, introduced more acidic PLGA products in a short time,
and was not conducive for new bone formation.

4. Conclusion

This study developed a composite porous scaffold (SHPP) with pro-
gressive degradation by combining Sr-doped micro/nano-hydroxyapa-
tite with PCL/PLGA dual matrices. Additionally, LPS was physically
absorbed onto the SHPP composite scaffold to construct an SHPP/LPS
scaffold with a sequential immune activation function. The SHPP/LPS
scaffold released LPS early to promote macrophage homing in the defect
cavity and induce the expression of the pro-inflammatory M1 pheno-
type. Subsequently, it released Sr ions to suppress inflammation and
promote tissue repair. In vitro and in vivo experiments illustrated that,
the SHPP/LPS scaffold’s combination of pro-inflammatory effects at the
initial stage of implantation, anti-inflammatory effects at a later stage,
and structural stability synergistically promoted bone regeneration. The
sequential immunomodulatory biomaterial model, represented by the
SHPP/LPS scaffold, shows significant potential in bone regeneration and
repair, also provides a novel approach for designing future bone repair
scaffolds.
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