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Microenvironment-optimized gastrodin-
functionalized scaffolds orchestrate
asymmetric division of recruited stem cells
in endogenous bone regeneration
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Abstract

The regeneration of osteoporotic bone defects remains challenging as the critical stem cell function is impaired
by inflammatory microenvironment. Synthetic materials that intrinsically direct osteo-differentiation versus
self-renewal of recruited stem cell represent a promising alternative strategy for endogenous bone formation.
Therefore, a microenvironmentally optimized polyurethane (PU) /n-HA scaffold to enable sustained delivery of
gastrodin is engineered to study its effect on the osteogenic fate of stem cells. It exhibited interconnected porous
networks and an elevated sequential gastrodin release pattern to match immune-osteo cascade concurrent with
progressive degradation of materials. In a critical-sized femur defect model of osteoporotic rat, 5% gastrodin-
PU/n-HA potently promoted neo-bone regeneration by facilitating M2 macrophage polarization and CD146"

host stem cell recruitment to defective site. The implantation time-dependently increased the bone marrow
mesenchymal stem cell (BMSC) population, and further culture of BMSCs showed a robust ability of proliferation,
migration, and mitochondrial resurgence. Of note, some of cell pairs produced one stemness daughter cell while
the other committed to osteogenic lineage in an asymmetric cell division (ACD) manner, and a much more
compelling ACD response was triggered when 5% gastrodin-PU/n-HA implanted. Further investigation revealed
that one-sided concentrated presentation of aPKC and (-catenin in dividing cells effectively induced asymmetric
distribution, which polarized aPKC biased the response of the daughter cells to Wnt signal. The asymmetric cell
division in skeletal stem cells (S5Cs) was mechanically comparable to BMSCs and also governed by distinct aPKC
and B-catenin biases. Concomitantly, delayed bone loss adjacent to the implant partly alleviated development of
osteoporosis. In conclusion, our findings provide insight into the regulation of macrophage polarization combined
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endogenous bone regeneration.
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Introduction

Treatment of large bone defects has been a challenging
task because it involves cells from multiple systems. In
the field of tissue engineering, biomaterials have been
employed as the vehicle for stem cells or delivery of bio-
active ingredients as well as the core template for cellular
activities and tissue regeneration [1-3]. The reemerging
structures and composition at the defect sites may pro-
vide necessary bioactive cues to create an appropriate
niche for the migration, proliferation, and differentiation
of stem cells. To date, tissue engineering has dominated
attempts to construct functional bone scaffolds that
can recruit stem/progenitor cells in situ and provide a

microenvironment that induce their osteogenic differen-
tiation for endogenous bone regeneration. This approach
can circumvent problem such as in vitro inadequate
expansion efficiency and the subsequent in vivo lineage
commitment after exogenous stem cell transplantation.
Stem cells underpin the major functions of the bone, a
majority of which adjoin blood vessels or reside in mes-
enchyme. In response to fracture injury at the biomaterial
implantation site, the endogenous stem cells or progeni-
tors are activated and migrate to the lesion via damage-
associated molecular patterns, including cytokines,
and chemokines [4—6]. Among them, the chemokine
stromal cell-derived factor la (SDF-1a) was described
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to recruit autologous stem cells from surrounding tis-
sue and peripheral blood to target sites by the SDF-1a/
CXCR4 pathway but failed in the long-term treatment
[7]. Beyond that, the osteogenic subpopulations of stem
cells that increase in number are rapidly dividing and
short-lived after bone fracture, and are significantly
depleted during inflammation [8]. The limited numbers
of endogenous stem cells are insufficient for complete
bone regeneration, especially in osteoporotic individuals
[6]. It is surprising that immune response is widely rec-
ognized as the pivotal factor that has not been taken into
account to determine the outcome of bone regeneration.
As a crucial effector cell of innate immune system, mac-
rophages are the early responders and tend to polarize
into pro-inflammatory M1-like phenotype, a dominant
player in progenitor cell recruitment within the defect
site [9]. Inevitably, excessive production of pro-inflam-
matory mediators by M1 phenotype can lead to dysfunc-
tion and stem cell apoptosis thereby increasing the risk
of delayed bone healing [10]. On the other hand, in a
microenvironment that promotes M2 polarization, mac-
rophages secrete cytokines such as interleukin-4 (IL-4),
interleukin-10 (IL-10), transforming growth factor-f
(TGF-B) and bone morphogenetic protein-2 (BMP-2)
that contribute to proliferation and effective mineraliza-
tion of osteoblasts [9, 11]. Therefore, it would be an effec-
tive strategy to recruit sufficient endogenous stem cells
with early enrichment of M2-type macrophages to pro-
tect functional stem cells and neonatal osteoblasts from
delayed apoptosis. Given the importance of macrophages
in  biomaterial-mediated  osteo-immunomodulation,
engineering macrophages-responsive biomaterial has
become an alternative and, indeed, an attractive strategy.

Gastrodin, a primary bioactive constituent of tra-
ditional Chinese herbal medicine with potential anti-
inflammatory/immune capacities [12, 13], has long been
recognized an inherent drug for therapeutic development
[14]. This has been described to involve MAPK, Notch
and Wnt/B-catenin signaling pathways [15-17]. We have
previously reported several regulatory and stimulatory
effects of gastrodin-release system on M2-type macro-
phages. Polyurethane-nano hydroxyapatite (PU/n-HA)
complexes in this context allow localized activity of gas-
trodin within a composite that is permissive for cellular
orchestration, producing an ameliorative and pro-healing
microenvironment for bone regeneration [18]. Compos-
ite scaffolds, a 3D template, are able to promote new tis-
sue growth through provision of environmental cues that
direct stem cell function. Therefore, the construction of
functional porous scaffolds capable of releasing gastro-
din sequentially to induce endogenous bone regenera-
tion represent a crucial facet of in situ tissue engineering.
Despite its increasing prevalence in tissue engineering,
the cooperative functions of drug release and progressive
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degradation are unmatched; hence, it is hard to satisfy the
endogenous cascades of bone regeneration. Therefore,
a microenvironmentally optimized gastrodin-function-
alized scaffold is desirable. Adding to this conundrum is
the fact that the precise mechanism guiding the stem cell
fate has remained poorly defined.

Asymmetric cell division (ACD) of stem cell has
emerged as an important means of balancing self-
renewal and differentiation in bone fracture healing, with
the production of one stem cell and one differentiating
cell to maintain tissue homeostasis. When the stem cells
are affected by an injury, the asymmetric environmental
signals are established and the polar regulatory proteins
(par3/par6/aPKC, Fizzled/Dishevelled/Diego complex,
etc.) form local aggregation to ensure binary outcomes
of the fate determination [19]. They further enrich other
proteins for function, and produce precursors and dif-
ferentiated daughter cells to meet the needs of microen-
vironment repair, while the other daughters retreat back
into quiescence, thus preserving the stem cell population
[20]. As demonstrated in different types of mammalian
stem cells, such as satellite cells and neuroblast stem cell,
par complex mediated ACD ensures cellular diversity and
tissue homeostasis throughout evolution [21, 22]. Wnt is
characterized as the main regulator in bone biology and
disease. It is governed by a protein family of secreted
growth factors, favorable for proliferative stem and pro-
genitor cells to repair tissue [23, 24]. Recent studies have
shown that the local delivery of Wnt3a soaked in hydro-
gel carriers [25] or covalently bound onto platforms [26]
had capability of balancing stemness maintenance and
osteogenic differentiation by ACD induction. The pro-
motive ACD effect was also triggered by the well-known
strontium treatment [27], pointing at the crucial role of
ACD process in tissue engineering.

Thus, the recruitment of stem cells to defect areas by
osteo-immunoregulation and induction of osteogenic
differentiation by asymmetric division are essential to
boost the endogenous bone regeneration. It was hypoth-
esized that gastrodin-PU/n-HA scaffold might regulate
the polarization of macrophages into M2 phenotype and
form an osteogenic microenvironment, thereby promot-
ing osteogenesis in the osteoporotic bone defects. Mean-
while, its anti-oxidative stress function may enhance the
self-renewal ability and transcriptomic diversity of stem
cells, which is often diminished in adult bone tissues or
even exhausted in aged individuals. In light of the above,
this study was aimed to develop a strategy to determine
whether gastrodin-PU/n-HA that would direct stem
cells to the injured sites as well as accurately match the
mechanism of bone regeneration process. We focused
on how the scaffold might precisely balance the stem
cell population and differentiation directed by ACD pro-
cess. The system may recruit and empower endogenous
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stem/progenitor cells, while maintaining stem cell pool,
and expanding large numbers of specific subpopulations
with osteogenic potential for more efficient tissue repair.
It is envisaged that the biomaterial-mediated ACD strat-
egy presented in this study will bring new inspiration for
the development of bone-regenerative biomaterials (See
Scheme 1).

Materials and methods

Study design

As the most commonly used biological evaluation
method, both the bone regeneration effects in vivo and
cellular experiments in vitro play an important role in the
functional study of biomaterials. However, little is known
of the fate and bioactivity of cell response to the implant.
It is imperative to decipher the distinct fate of stem cells
after scaffold therapy during the regeneration of defec-
tive bone. This study was aimed to develop a strategy
to identify endogenous bone regeneration mechanism
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triggered by gastrodin-PU/n-HA. The scaffolds were
prepared as osteoinductive implants to guide the regen-
eration of osteoporotic bone defects. The scaffolds were
then implanted into condyles of femur in an osteoporotic
rat model. The changes in serum and tissue inflammatory
markers were first monitored during implantation. Fur-
thermore, sequential cell extraction was carried out to
explore the cell recruitment and reveal the time course of
stem cell fate, focusing on the balance between stem cell
population and osteo-differentiation via ACD. New bone
regeneration within and adjacent to the scaffolds was
finally assessed by micro-computed tomography (micro-
CT) scanning and histological staining. Subsequently,
histological, immunohistochemical (IHC) staining were
conducted to explore the potential osteogenic mecha-
nism of the scaffolds.
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Scheme 1 Immuno-microenvironmentally optimized regenerative strategy for endogenous stem cells repairing bone defect: not only in favoring the
recruitment of stem cells, but also in promoting their osteogenic differentiation in an ACD manner
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Preparation and characterization of scaffolds

Fabrication of scaffolds Scaffolds were successfully syn-
thesized through in situ foaming method according to
our previously reported method [18]. In brief, PCL-
2000 (30.00 g) and n-HA (11.40 g) were mixed in a 250
mL three-necked flask under nitrogen continuously and
heated at 70 ‘C, stirred with IPDI (9.17 g) for 2 h to obtain
the prepolymer. Then 3.70 g of Lys-OEt-2HCI was used
to extend the prepolymer for 2 h. After that, gastrodin of
different contents (set as 0, 2, and 5 wt%) was added, fol-
lowed by 1 mL NaHCOj solution. The resultant mixture
was cured at 90 C for subsequent use.

Characterization For the degradation and gastrodin
release study, the scaffolds (~0.20 g) were immersed
in 0.1 M and 0.5 M NaOH solution at 37 ‘C water bath,
respectively. At 3/7, 1, 2, 3, 4, 5, 6, 7, 8 weeks, the resid-
ual weight and released gastrodin of each specimen were
recorded. Micro-CT (Hiscan, China) and scanning elec-
tron microscopy (SEM) (Zeiss, Germany) were carried
out to observe the microstructure of the scaffolds, and the
porosity was quantified by dragonfly software (ORS, Can-
ada). Mechanical properties were measured on a universal
testing system (Instron, USA).

Surgical procedures

The scaffolds were cut into cylinder (J 3x3 mm) and
sterilized by y-ray irradiation with 15 kGy prior to use.
The animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Kunming
Medical University (China). Female Sprague-Dawley
(SD) rats weighing 200 to 300 g were anesthetized with
3% sodium pentobarbital (30 mg/kg) and subjected to a
standard bilateral ovariectomy (OVX) as described [28].
Three months after OVX, the osteoporotic rats were ran-
domized into three groups: control, PU/n-HA, and 5%
gastrodin-PU/n-HA. After exposure of lateral femoral
condyle, a drill-hole defect with a diameter of 3 mm and
a depth of 3 mm was created under abundant irrigation.
The bone fragments were washed out from the cavity
before the implantation of scaffolds, followed by repo-
sitioning and suturing of the tissue layers. The control
group was operated without implantation of scaffolds. At
postoperative days 3, 7, 14, and 28, rats were anesthetized
for the peripheral blood harvesting. After sacrificing by
cervical dislocation, bone marrow, and femur were also
harvested for subsequent analysis.

Stem cells preparation

Bone marrow mesenchymal stem cells (BMSCs) were
isolated from femurs according to our previously
reported procedure [18] with minor revisions. At post-
operative days 7 and 14, the femurs were soaked in 75%
ethanol for 10 min and then washed with phosphate
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buffer saline (PBS, Solarbio, China). After both ends of
the femur were removed, a disposable aseptic syringe
drawing a complete medium consisting of a-minimum
essential medium (a-MEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin/streptomycin (Gibco, USA) was used to
repeatedly wash the bone marrow cavity. About 4 mL of
BMSCs suspension was obtained from two femurs of a
rat, which was split into three portions: centrifuge tube
(300 pL), T25 cell culture flask (300 pL), and culture
plates (100 pL in 24-well plate and 200 pL in 6-well plate).
Next, the BMSCs transferred to culture flasks and culture
plates were further incubated at 37 °C, 5% CO,, and 95%
humidity. The complete medium was used for follow-up
experiments and changed every 3 days unless otherwise
stated.

For long-bone-derived skeletal stem cells (SSCs),
femurs were dissected. After flushing out the bone mar-
row cells, the femurs with implants were then chopped
into small pieces and digested by collagenase II (Sigma,
U.S., 1 mg/mL) at 37°C for 1 h. The digested cells were
cultured in complete medium and allowed for functional
assessment (See Scheme 2).

Endogenous stem cell recruitment

Flow cytometry (FC)

BMSCs in each tube were filtered with a 70 pm strainer
to yield single cell suspensions. The cells were then incu-
bated with red blood cell lysis buffer on ice, after which
they were centrifugated and resuspended in FC sort-
ing buffer (PBS with 10% EBS). Cells were stained with
armenian hamster anti mouse/rat monoclonal antibod-
ies CD29-APC (No.: 102215), mouse anti-rat mono-
clonal antibodies CD45-PE/CY7 (No.: 202213), and
CD90-PE (No.: 205903) (Biolegend, USA) (1:200) accord-
ing to the manufacturer’s protocol. FC was performed
using CyFlow® Space (Partec, Germany), and data analy-
sis was conducted with FlowJo 10.5.3 software.

EdU incorporation assays

BMSCs were seeded in 24-well plates (100 pL/well) and
maintained in culture. At 3 and 7 days, exponentially
growing cells were stained with a Click-iT 5-ethynyl-
2’-deoxyuridine (EAU) Alexa Fluor 594 Imaging Kit and
nuclei were stained with Hoechest (Beyotime, China).
Images were captured using a fluorescence microscope
(Olympus, Japan). The numbers of EdU-positive cells
were further counted by Image] software. The percentage
of proliferating cells was calculated for each sample rela-
tive to the total number of Hoechest-positive cells.

Colony-forming unit fibroblast formation assay (CFU-F assay)
Self-renewal of BMSCs was assessed by a CFU-F assay.
After being cultured in a 24-well plate (100 uL/well) for 7
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Scheme 2 Schematic illustration of the experimental outline. SD rats were subjected to a standard bilateral ovariectomy (OVX) and scaffolds were im-
planted into femoral condyle defect after 3 months. The stem cells were isolated and collected at 7 and 14 days, and further incubated for 1, 3, 5, 7, and

14 days for analysis

days, cells were fixed and stained with crystal violet solu-
tion (Beyotime, China).

Transwell-migration assay

A transwell chamber (24-well plate, 8 um pore size,
Corning Incorporated, USA) was used to evaluate the
cell migration of retrieved scaffolds. The retrieved scaf-
folds were achieved from implants within osteoporotic
bone defects or subcutaneous tissue after 7 and 14 days.
Healthy 3-week-old rats served as donors of primary
BMSCs, which were subcultured to the third passage (P3
BMSCs) according to the established procedure. Subse-
quently, 0.1 mL P3 BMSCs suspension (5x10* cells/mL)
was added to the upper chamber. On the other hand,
the retrieved scaffolds were placed in the lower chamber
with 0.6 mL complete media. After 3 and 7-day incuba-
tion, the cells were fixed with 4% paraformaldehyde and
stained with crystal violet. The non-invaded cells on the
upside of the transwell were removed with a cotton swab,
and the migrated cells to the underside were examined

in three random fields under a light microscope. Mean-
while, the medium was collected and used for evalua-
tion of secretion of SDF-1la and TGF-B cytokines with
enzyme-linked immunosorbent assay (ELISA) kits
(mlbio, China) following the manufacturer’s guidance.

Functional assessment of stem cells

Mitochondrial activity of BMSCs

BMSCs were cultured with complete medium in 24-well
plates for 7 and 14 days. At each time point, samples
were stained with MitoTracker® Red CMXRos (Solar-
bio, China, No.: M9940) for active mitochondria. After
fixation with 4% paraformaldehyde solution, the sam-
ples were stained with phalloidin (Solarbio, China,
No.: CA1640) for actin and DAPI (Abcam, USA, No:
ab104139) for nuclei. The mitochondrial membrane
potential was detected using a probe 5,5,6,6’-Tetrachloro-
1,1,3,3’-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) assay kit (Solarbio, China, No.: J8030) according to
the manufacturer’s instructions.
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For immunofluorescence (IF) staining, the wells were
washed and fixed with 4% paraformaldehyde for 15 min
at room temperature. The samples were then permea-
bilized in 0.1 % Triton X-100 for 20 min. Next, 5 % goat
serum in PBS was added to the wells for 2 hours, fol-
lowed by exposure to primary antibody cocktail, which
was incubated overnight at 4 °C. The primary antibody
involved mitochondrially encoded cytochrome C oxidase
2 (Mtco2), translocase of the outer mitochondrial mem-
brane (TOM20), ATP synthase subunit alpha (ATP5A1),
peroxisome  proliferator-activated  receptor-gamma
coactivated 1la (PGCla). Mtco2 (1:200), TOM20 (1:200),
cocktail ATP5A1 (1:1000) and PGCla (1:200) in 5% goat
serum in PBS were used. The secondary antibodies were
as follows: CoraLite488-conjugated goat anti-rabbit IgG
(1:500, SA00013-2), CoraLite594-conjugated goat anti-
rabbit IgG (1:200, SA00013-4), CoraLite594-conjugated
goat anti-rabbit IgG (1:200, SA00013-4) and Coral-
ite488-conjugated goat anti-mouse IgG (1:500, SA00013-
1). Mean optical density of the proteins was measured by
Image ] software. Each group comprised more than three
wells, and each well was confirmed with cells collected
from at least three separate animals. The related genes
and proteins were further assessed as stated above.

Immunofluorescence staining of cells

BMSCs were seeded on coverslips in 24-well plates (100
uL/well) and cultured for 1, 3, 5, and 7 days. IF staining
was carried out as indicated in the section IF staining of
mitochondria. The following primary antibody cocktails
in 5% goat serum in PBS were used: octamer-binding
transcription factor 4 (OCT4) (1:200) and osterix (OSX)
(1:200), B-catenin (1:2,000) and atypical protein kinase C
(aPKC) (1:200). After rinsing with 0.05% PBST, the wells
were incubated with secondary antibody cocktails for 2 h
at room temperature. The secondary antibodies were as
follows: CoraLite488-conjugated goat anti-rabbit IgG
(1:500) and CoralLite594-conjugated goat anti-mouse
IgG (1:200), CoraLite488-conjugated goat anti-mouse
IgG (1:500) and CoraLite594-conjugated goat anti-rabbit
IgG (1:200), of which the former corresponded to OCT4/
OSX and the latter to p-catenin/aPKC cocktails. Finally,
DAPI staining was performed for 2 h at room tempera-
ture. In parallel, the SSCs were also processed for the
aforementioned IF staining.

Imaging and analysis of ACD process

All the imaging stacks were captured and processed
using a confocal laser scanning microscope (CLSM)
(Zeiss LSM 880, German) and Zen blue edition 3.3 soft-
ware attached to the microscope. Briefly, z-stacks with
20 z-planes were acquired consecutively at a 1-pm z-step
for each volume. Each z-stack was 3D-reconstructed and
presented maximum intensity projections onto frontal
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X/Y, transverse (X/Z), and sagittal (Y/Z) planes. To calcu-
late the proportion of the asymmetric stem cell division,
20 cell pairs were blindly chosen from each sample. The
mean fluorescence intensity and distribution of the pro-
tein markers in paired daughter cells were measured, fol-
lowed by normalization between the two newly formed
daughter cells.

ACD-related gene expression

After the cells were subsequently cultured for 3 and
7 days, the ACD-related genes such as OCT4, OSX,
B-catenin and aPKC were evaluated by reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR).
The primer sequences are described in Table S1. Each
sample was conducted in triplicates and repeated for
three independent assays to achieve comparable results.

Endogenous new bone formation

Inflammatory/immune response analysis

At postoperative days 3, 7, 14, 28, the peripheral blood
was collected in anticoagulant tubes for analysis using
hematology analyzer (Sinnowa, China). The serum
was derived from peripheral blood by centrifugation at
4000 rpm for 15 min. The content of inflammatory factors
(Tumor Necrosis Factor-a (TNF-a) and interleukin-1f
(IL-1pB)) and reactive oxygen species (ROS) level in serum
were detected by ELISA assay kit (Nanjing Jiancheng,
China) according to the manufacturer’s instructions. Tis-
sue samples from the surrounding areas were collected
and stored at -80 ‘C for the follow-up experiments. Total
mRNA was extracted from bone tissue for analysis of
macrophage phenotype biomarker genes, inducible nitric
oxide synthase (iNOS) and arginase-1 (Arg-1).

Histological staining of tissue sections

The fixed samples were decalcified in 10% EDTA solution
for 1 month, dehydrated through gradient ethanol, and
then embedded in paraffin. Serial 5-um thick sections
were cut on a microtome (Leica Biosystems, Germany).
The tissue sections were stained with Hematoxylin and
eosin (H&E) (Solarbio, China), Masson’s trichrome
(Solarbio, China), and Movat’s pentachrome (Solarbio,
China) according to the supplied method by the manu-
facturer. Representative section images were captured
with a light microscope (Olympus, Japan).

Immunohistochemistry staining of tissue sections

Tissue sections were incubated with a 3% H,O, solu-
tion in methanol for endogenous enzyme quenching and
treated with 0.1% trypsin-EDTA (Gibco, 25200056) to
retrieve the antigen. After blocking with 5% goat serum
for 1 h at 37 °C, the specimens were incubated over-
night at 4 °C with primary antibodies against CD146
(1:200) for stem cell surface markers, BMP-2 (1:200) for
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osteogenesis markers, Arg-1 (1:200) for an M2 marker,
and iNOS (1:200) for an M1 marker, as listed in Table
S2. The sections were washed with TBST before incuba-
tion with the secondary antibodies for 2 h. Sections were
further incubated with secondary antibodies (Enhanced
enzyme-labeled goat anti-mouse IgG polymer and
Enhanced enzyme-labeled goat anti-rabbit IgG polymer),
and then with DAB reagents (Diaminobenzidine tetrahy-
drochloride staining, Boster Biological Technology Co.
Ltd., China), followed by counterstaining with hematoxy-
lin. The sections were mounted prior to imaging. Brown
staining localization within the defects indicated positive
expression of the biomarkers under an optical micro-
scope. The positive cell ratio of the proteins was calcu-
lated by software Image ] and GraphPad Prism v8.0. Each
type of staining was confirmed in tissues from more than
three separate rats.

Micro-computed tomography (micro-CT) analysis

Four weeks after implantation, femurs were collected
and fixed in 4% paraformaldehyde for 3 days. The fixed
samples were scanned using micro-CT (Pingseng scien-
tific, China) at a resolution of 7.5 pm with a voltage of
90 kV and a current of 60 pA. During the reconstruc-
tion, a threshold between 1000 and 3000 was applied to
discriminate the bone tissue, and a threshold between
600 and 1000 was applied to discriminate the scaffold.
Three-dimensional (3D) and two-dimensional (2D) anal-
ysis were performed using Avatar3 software attached
to the micro-CT. 3D reconstructed structures of the
distal femur were acquired from the segmented data-
set for visual inspection. For the quantitative evaluation
of osteogenesis within defects, a consistent cylinder at
a diameter of 2.5 mm and a height of 2.5 mm was cho-
sen as the region of interest (ROI) to represent remnant
scaffold and regenerated bone. To study the effect of
the scaffolds on adjacent bone loss, another rectangular
ROI (0.5x0.5x2 mm?) adjacent to the defect, which was
1.5 mm away from the epiphyseal growth plate, was also
selected and analyzed. The structural parameters of new
bone and trabecular bone, including bone mineral den-
sity (BMD), trabecular bone volume fraction (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.
Th), and trabecular separation (Tb.sp), were calculated
through the micro-CT scans.

Statistical analysis

Data were reported as means*standard deviation (SD).
One-way analysis of variance (ANOVA) was applied for
statistical comparisons among more than two groups,
and a t-test was used for statistical comparisons between
two groups. All statistical analyses were performed
using GraphPad Prism v8.0.2. Statistical significance was
accepted at P<0.05.
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Results

Characterization of gastrodin-functionalized scaffolds
Gastrodin was chemically grafted onto a polyurethane
matrix, which degraded in a gradient, to achieve consis-
tent release of gastrodin and increase its therapeutic effi-
ciency. The degradation behavior of the scaffolds in 0.1 M
NaOH solution showed that the 5% gastrodin-PU/n-
HA scaffold degraded substantially by losing more than
24.06% of its original weight within the first 3 weeks. This
was followed by higher degradation rates until residuum
was hardly distinguishable at 8 weeks. In contrast, the 2%
gastrodin-PU/n-HA scaffold showed a slower degrada-
tion rate, while PU/n-HA maintained a much more stable
structure (Fig. 1A). Meanwhile, a similar degradation pat-
tern was observed in the 0.5 M NaOH solution and the
mass loss was significantly increased over a period of 3
weeks. In addition, it was found that gastrodin released
from both 2% and 5% gastrodin-PU/n-HA scaffolds
increased gradually with time. Gastrodin released from
5% gastrodin-PU/n-HA appeared to be higher than that
from 2% gastrodin-PU/n-HA, yet no significant differ-
ence was observed between both groups over a period of
3 weeks. However, the release of gastrodin from 5% gas-
trodin-PU/n-HA in 0.1 M NaOH solution undertook a
relatively steady and sustained release kinetic by showing
a durable release for as long as 8 weeks. The degradation
may be associated with highly interconnected porous
structure. As exhibited in micro-CT and SEM, the pore
size ranged from 200 to 800 pm (Fig. 1B) and porosity
was close to 60% (Fig. 1C). By adding gastrodin propor-
tion, the compression strength of 5% gastrodin-PU/n-HA
(5.55+0.79 MPa) was markedly enhanced, which was
higher than 2% gastrodin-PU/n-HA (2.89+0.81 MPa)
and PU/n-HA group (1.87+1.10 MPa) (Fig. 1D). Similar
results were also found in elastic modulus. Therefore, we
believe that 5% gastrodin-PU/n-HA with adequate gas-
trodin delivery and mechanical strength is a candidate
scaffold of choice for further experimentation.

Scaffold promotes M2 macrophage polarization in
endogenous bone regeneration

Whether the scaffold can provide an appropriate micro-
environment is vital in determining its quality and effi-
ciency for endogenous bone regeneration. PU/n-HA and
5% gastrodin-PU/n-HA were implanted, respectively,
into the condyles of femur in osteoporotic rats. Results
by ELISA kit showed a large amount of pro-inflammatory
proteins in the serum of control, e.g., TNF-a and IL-1f.
However, the expression levels of pro-inflammatory pro-
teins were decreased in PU/n-HA group and were the
lowest in 5% gastrodin-PU/n-HA group in the early stage
of inflammation (Fig. 2A and B). The inflammation was
further attenuated with prolonged implantation time.
The expression changes of ROS were in tandem with the
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proinflammatory proteins. Thus, the ROS level in control
group was higher than that in PU/n-HA group, more so
than in 5% gastrodin-PU/n-HA group (Fig. 2C).

As shown by IHC staining (Fig. 2D and E), 7 days after
5% gastrodin-PU/n-HA implantation, only moderate
inflammatory protein iNOS staining (M1 macrophage)
was detected within the scaffolds. By 14 days post-
implantation, the expression was minimally detectable.
On the other hand, intense staining for the anti-inflam-
matory marker Arg-1 (M2 macrophage) was detected
at both 7 and 14 days. In the control group without

implants, the bone defects showed positive iNOS expres-
sion at 7 and 14 days, indicating an excessive inflamma-
tory microenvironment. In the PU/n-HA group, there
was evidence of transition from M1 to M2 macrophages
labeled by their respective markers. Nonetheless it was
inferior to 5% gastrodin-PU/n-HA group which showed
a higher incidence of M2 macrophages. Detection of
related genes from tissues in scaffold and surrounding
bone further confirmed that Arg-1 in the 5% gastrodin-
PU/n-HA group was higher than that in the PU/n-HA
and control groups at both time points. As opposed to
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this, iNOS expression in 5% gastrodin-PU/n-HA group
was attenuated. Taken together, it can be confidently
concluded that compared with PU/n-HA, 5% gastrodin-
PU/n-HA can exert a more potent anti-inflammation by
promoting M2 macrophage polarization. This corrobo-
rates with our previous findings.

Scaffold recruits endogenous stem cells in bone
regeneration

Considering stem cell-dependent bone growth and repair,
we hypothesized that homing host stem cells to defect
site would enhance bone healing. IHC staining showed
that the recruited cells expressed CD146 (the surface
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markers for stem cells) at both time points (Fig. 3A). A
higher percentage of CD146" cells was observed in the
implant groups in comparison with the control group at
7 days. Semiquantitative analysis results confirmed the
obviously enhanced positive expression. Compared with
PU/n-HA, therefore, 5% gastrodin-PU/n-HA was capable
of recruiting more stem cells. This lasted up to 14 days,
suggesting effective mobilization of endogenous stem
cells to reach regenerative site, which was conducive
for new bone formation. We next analyzed the popula-
tions of BMSCs isolated from implanted femurs at post-
surgery days 7 (I(7d)) and 14 (I(14d)) using FC (Fig. 3B).
There was no significant difference in absolute cell num-
bers between the control and PU/n-HA group. However,
the absolute numbers of BMSCs in 5% gastrodin-PU/n-
HA group were significantly increased at post-surgery
days 7 and 14. They were significantly higher than that
in the control and PU/n-HA groups at both time points.
The migration efficiency of BMSCs in response to the
retrieved implants was next studied via transwell assay.
As shown in Fig. 3C, the crystal violet staining was all
enhanced in implant groups after culturing for 3 (I(7d)-
3) and 7 (I(7d)-7) days, of which 5% gastrodin-PU/n-HA
was better than PU/n-HA group, suggesting optimal
migration capacity of BMSCs by 5% gastrodin-PU/n-HA-
optimized microenvironment. There was less migration
in control after culturing for 3 (I(7d)-3), and even less so
at 7 (I(7d)-7) days. Consistent with the migration ability,
5% gastrodin-PU/n-HA showed a higher level of chemo-
kines compared to other groups (Fig. 3D). Scaffolds were
also subcutaneously transplanted and then retrieved
at 7 days (Fig. 3E). The transwell assay showed that the
BMSCs had migrated to the lower chamber after cultur-
ing for 3 days ((I(7d)-3) but the migration was moderately
reduced at 7 days ((I(7d)-7) in 5% gastrodin-PU/n-HA
group. The expressions of SDF-1 and TGEF- in the super-
natant exerted greater migration activity of BMSCs in
5% gastrodin-PU/n-HA group than those derived from
PU/n-HA group (Fig. 3F). This might have altered the
resident-stem-cell behavior via specific modulation in
their regenerative niche.

Scaffold-optimized microenvironment activates BMSCs

To assess proliferative activity, BMSCs collected at post-
surgery days 7 and 14 were respectively cultured for 3
and 7 days. Most BMSCs entered the cell division cycle,
as evidenced by the incorporation of EAU (Red fluo-
rescence). Compared to the control, the percentage of
EdU-positive cells increased in the PU/n-HA groups,
notably in the 5% gastrodin-PU/n-HA group. Although
BMSC:s collected at post-surgery day 14 presented a con-
sistent upward trend comparable to post-surgery day 7,
the number of EdU-positive cells did not increase, fur-
ther indicating a decrease in dividing cells. These results
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suggested that 5% gastrodin-PU/n-HA not only could
recruit more BMSCs, but it could also maintain the maxi-
mum proliferation of stem cells in the early stage (Fig. 4A
and B). Thus, increased proliferative and chemotactic
activity of BMSCs induced by scaffolds contribute to the
functional stem and progenitor cell response.

By CFU-F assay, we next assessed whether scaffolds, as
the extrinsic stimulus, would have any effects on colony
formation of recruited endogenous stem and progeni-
tor cells. After cultured for 7 days, BMSCs at both time
points all formed abundant CFU-Fs being more pro-
nounced in 5% gastrodin-PU/n-HA group, suggesting
powerful cellular self-renewal ability (Fig. 4C). When the
BMSCs were further cultured in an osteogenic induction
medium for 7 days, some osteogenic genes, such as OSX,
BMP-2 and runt-related transcription factor 2 (Runx2),
were vigorously expressed in the 5% gastrodin-PU/n-
HA group, and noticeably more intense than those in
the PU/n-HA and control groups. In line with RT-qPCR
results, the cells in the 5% gastrodin-PU/n-HA group
showed highly positive staining for ALP on day 7, as well
as mineralized nodules that were positive for alizarin red
S staining on day 21 compared with that in the PU/n-HA
group, and the control group with the last-mentioned
being the lightest in staining (Fig. S1). Taken together, it
is concluded that the microenvironment remodeled by
the 5% gastrodin-PU/n-HA scaffold can contribute to the
osteo-differentiation response in recruited BMSCs.

As mitochondria are the main source of energy for
cells, the regulation of mitochondria dynamics and func-
tion is essential for successful differentiation of BMSCs.
At 7 days post-surgery, the BMSCs were cultured for
further 7 days. Images of single cell exhibited a smaller
area of cytoskeleton assembly in the control group but as
flat lamellipodia in the PU/n-HA group. The BMSCs in
treated with the 5% gastrodin-PU/n-HA group showed
long extending and branching cellular pseudopods.
MitoTracker Red staining showed a significant increase
in mitochondrial membrane potential (MMP) in the 5%
gastrodin-PU/n-HA group when compared with that in
other groups. A noteworthy feature was the relatively
higher level of MMP in PU/n-HA than in the control
(Fig. 4D). Moreover, the expression of TOM20 (Fig. 4E)
and Mtco2 (Fig. 4F) was greatly improved in the 5% gas-
trodin-PU/n-HA group. Enhanced ATP5A1 and PGCla
colocalization staining (Fig. 4G) further confirmed the
increase in mitochondrial mass. Interestingly, the mito-
chondria were mainly clustered around the nucleus in the
control and PU-n/HA groups, but they tended to be more
uniformly distributed throughout the cytoplasm in the
5% gastrodin-PU/n-HA group. It is relevant to note that
BMSCs undergoing osteo-differentiation showed mainly
slender mitochondria. The mitochondrial-to-cytoplasm
area ratio was increased during osteo-differentiation in
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5% gastrodin-PU/n-HA relative to that of undifferen-
tiated cells in other groups. The increase was more in
BMSCs harvested from post-surgery day 14 (Fig. 4H).
The green fluorescence (monomers) of JC-1 gradu-
ally became red (dimers) in the course of differentia-
tion, indicating increased mitochondrial biogenesis. It is
worth noting that TOM20 and ATP5A1 proteins were
increased in the 5% gastrodin-PU/n-HA group, although

;*p<001; *p<0.05

the differences did not reach statistical significance
among all groups according to western blotting analysis
(Fig. 4I). Using RT-qPCR with specific primers, TOM20
was observed to be activated by 5% gastrodin-PU/n-HA.
ATP5A1 showed a moderate decline in the 5% gastrodin-
PU/n-HA group compared with that in the PU/n-HA
group at 7 days, followed by a significant increase at 14
days (Fig. 4J). Accumulating evidence suggests that 5%
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gastrodin-PU/n-HA boosts mitochondriogenesis and
regulates the homeostasis of the mitochondrial network
to meet the increased energy demand for differentiation
of stem cells’ biological behavior.

Asymmetric cell division of BMSCs in scaffold-optimized
microenvironment

To understand how the scaffold might affect the local
microenvironment and division mode of recruited stem
cells, BMSCs were seeded and cultured for 1, 3, 5, and
7 days. Expression of OSX (an osteoblast-specific tran-
scription factor) and OCT4 (a key transcription factor
in maintaining the self-renewal of stem cells) was ana-
lyzed. Co-localized IF staining showed that BMSCs in all
groups continued to proliferate over the extended period
(Fig. 5A). Over the first day, viable cells exhibited a round
cellular outline in both control and PU/n-HA groups,
whereas some cells in the 5% gastrodin-PU/n-HA group
were extended, showing a larger cell area. From day 3 to
day 7, more active BMSCs with long extending processes
were detected in the 5% gastrodin-PU/n-HA group com-
pared with other groups. Concomitantly, the cell number
was increased. Of note, OCT4 was vigorously expressed
in the 5% gastrodin-PU/n-HA group as early as day 1.
OCT4, however, was weakly expressed in the control and
PU/n-HA groups. Meanwhile, the incidence of OCT4-
positive cells was further increased in the 5% gastrodin-
PU/n-HA group compared with the other groups on day
3, even though the positive cells in other groups were
moderately increased. The continued elevation in stem
cell expression in the 5% gastrodin-PU/n-HA group on
days 5 and 7 indicated active stemness and pluripotency
compared with the PU/n-HA group and control group.
Along with OCT4, the osteo-differentiation marker OSX
was also analyzed. The number of OSX" cells in the 5%
gastrodin-PU/n-HA group was significantly higher than
that in the PU/n-HA group, with the control group
showing the least number of positive cells (Fig. 5B). The
increase in OSX" cells was positively correlated with
the culture period. A similar trend was also observed in
BMSCs derived from SD rats which was treated with the
scaffold for 14 (I(14d)) days (Fig. S2). When considering
the fate of stem cells, as shown in Fig. 5A, some of cell
pairs generated one cell expressing OSX while the other
maintained OCT-4 expression, suggesting that asymmet-
rical division had occurred in a subset of the BMSCs. Of
20 cell pairs scrutinized, those undergoing asymmetric
division made up the highest percentage in the 5% gas-
trodin-PU/n-HA group, peaking at the 5th day.

We further visualized two categories of dividing cells
in representative 5% gastrodin-PU/n-HA group using 3D
imaging. In individual dividing BMSC, OSX was enriched
to one side of the cell, while OCT4 was unequally distrib-
uted on both sides of the cytoplasm with maximum bias
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to one side (Fig. 5C and Movie S1). Note that generating
the daughter cells differed in size based on the intensity
and distribution of the markers: those that associated
with OSX were smaller, and those that mainly expressed
OCT4 were comparatively larger (Fig. 5C). The findings
were consistent with the requirement for cell polarity and
asymmetric division potential adapting to size changes.
The RT-qPCR analysis of OSX and OCT4 supported the
observation that co-expression of osteo-differentiation
and stem cell markers was markedly elevated in the 5%
gastrodin-PU/n-HA group compared with the other
groups at either time point (Fig. 5D).

Cell fate markers in dividing BMSCs

A significant amount of effort has been devoted toward
understanding the underlying molecular mechanism of
aforementioned cell fate. Stem cells undergoing asym-
metric cell division often require compartmentalization
of the polarity proteins to one side of the cell. aPKC, a
polarity protein implicated in ACD, was highly expressed
in cells of 5% gastrodin-PU/n-HA group and peaking
at day 5. Another polarity protein, -catenin, coincided
with that of aPKC distribution. In contrast, in PU/n-HA,
both expression of polarity proteins was attenuated and
was weakest in control group (Fig. 6A). Next, we stud-
ied the correlation between cell number and polarity
protein level. It was observed that polarity protein was
noticeable when cells proliferated over a prolonged cul-
turing period. In a single dividing BMSC, the aPKC and
B-catenin proteins were mainly co-enriched in one half
of the paired daughter cells, wherein -catenin exhibited
minimal bias to other side (Fig. 6B and C). In symmetric
divisions, both proteins were distributed throughout the
cell with minimal bias to either side (Fig. S3). Thus, one-
sided localization of proteins in 5% gastrodin-PU/n-HA
group effectively induced the asymmetric distribution of
the Par complex in some dividing cells to discriminate
the fates of daughter cells. This was further supported by
the increased gene expressions of aPKC and [-catenin
(Fig. 6D).

Asymmetric cell division of SSCs in scaffold-optimized
microenvironment

A similar type of lineally related skeletal stem cells (SSCs)
that possess self-renewal and multipotency, may also
prospectively contribute to functions of bone. We there-
fore also cultured the SSCs isolated from femurs with
implants to examine the distribution of OSX and OCT4
expression during cell division (Fig. 7A). After cultur-
ing for 1 day, the 5% gastrodin-PU/n-HA group showed
a higher proportion of OSX positive cells in compari-
son with PU/n-HA group. OCT4 positive cells were also
observed in both groups. In the control group, rarely
osteogenesis-related OSX positive cells were identified.
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ACD (upper right panel), and Z-plot of optical density (low right panel). (D) Relative gene levels of OSX and OCTA4. Error bars represent standard deviation

from mean (n=3). ***p<0.001; **p<0.01; *p <0.05

However, occasional OCT4 positive cells were detected.
Over time, both OCT4 and OSX IF in all groups was fur-
ther enhanced, accompanied by cell proliferation. The
expression increased pattern bears resemblance to that
the BMSCs division. Thus, with respect to cell division
both BMSCs and SSCs showed stem and differentiation
marker distribution to either side between the two cell

halves or cell pair and this had allowed them to polarize
(Fig. S4).

The co-expression of aPKC and B-catenin, albeit at dif-
ferent levels, was in agreement with the results of OSX
and OCT4 labeling (Fig. 7B). The 5% gastrodin-PU/n-
HA group exhibited the most potent aPKC expression.
Indeed, its facilitating effect on both osteo-differentiation
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Fig. 6 Microenvironmentally optimized scaffold induced asymmetric distribution of cell fate markers in BMSCs. (A) Representative confocal microscopy
images of co-expressing aPKC (red) and 3-catenin (green), and DAPI (blue) in paired daughter cells when further cultured for 1, 3, 5, and 7 days. (B) Rep-
resentative confocal z planes of typical asymmetric cell division. (C) 3D reconstructions of ACD. (D) Relative gene expression of 3-catenin and aPKC. Error
bars represent standard deviation from mean (n=3). ****p <0.0001; **p <0.01; *p < 0.05

and polarization function was evidently stronger than robust activation as observed in 5% gastrodin-PU/n-HA
PU/n-HA group. Also, B-catenin was enriched in the 5%  in comparison with other groups, confirms its effect on
gastrodin-PU/n-HA group peaking at the 5th day; it is  higher ACD efficiency. The significant differences in the
mainly associated with the stem cell maintenance. A more increase in relative expression of OSX, OCT4, aPKC, and
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[-catenin by 5% gastrodin-PU/n-HA had gained further
support by RT-qPCR analysis (Fig. 7C). The results dem-
onstrated that the recruited SSCs expressed both stem
and osteo-differentiation markers in 5% gastrodin-PU/n-
HA after implantation for 7 and 14 days.

Ingrown and adjacent bone analysis of scaffold implants

Histological staining of tissue sections provides details on
new bone formation at the scaffolds after implantation
for a relatively short time. H&E staining in Fig. 8 showed
little tissue infiltrated at 14 days, and only a small amount
of newly formed connective tissue appeared in the defect
boundary in the control group at 28 days. There was a
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large amount of ingrown granulation tissue and con-
nective tissue within the defect area in the implanted
groups at both 14 and 28 days. A distinctive feature was
the largest area of newly bone matrix indicative of osteo-
genic activity in the 5% gastrodin-PU/n-HA after 28 days
compared with other groups. Scaffolds-mediated bone
regeneration was confirmed by Masson’s trichrome stain-
ing. The repairation of implanted groups had significant
advantage compared with controls at both endpoints.

Moreover, connective/stromal-like tissues extended
along the periphery of host bone and infiltrated inside
the pores of scaffold. This had apparently contributed
partly to the formation of neo-bone in the 5% gastrodin-
PU/n-HA. Movat’s pentachrome staining allowed further
identification of tissue components with high-mineral-
ized tissue in red and low-mineralized tissue in dark red
at the regeneration site. As expected, the 5% gastrodin-
PU/n-HA group exhibited more prominent deposition of
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woven bone. Although only loose connective tissues were
observed in the PU/n-HA group, it appeared to be supe-
rior to control group in terms of new tissue formation.

Consistent with the histological staining results, BMP-2
staining validated the possible osteogenic-related expres-
sion. A large number of BMP-2 (an inducer of osteogenic
differentiation) positive cells (in brown) were observed
at 14 days in 5% gastrodin-PU/n-HA group, which was
significantly higher than that in the PU/n-HA group;
only occasional BMP-2 positive cells were observed in
the control group. The continued differential expression
of osteogenic marker BMP-2 and formation of neo-bone
tissue were time-dependently increased at different time
points in all groups. Very strikingly, in the 5% gastrodin-
PU/n-HA group, BMP-2 positive expression was pro-
gressively augmented to the extent that exceeded our
previous findings with respect to repair efficiency of gas-
trodin releasing scaffold.

In Micro-CT reconstruction, neo-bone formation
within the defect area was our region of interest at 28
days post-implantation. Compared with control, the
implanted groups exhibited more new bone within the
defect region, wherein 5% gastrodin-PU/n-HA achieved
the most apparent bone repair (Fig. 9A). Based on a large
number of 2D sections, we drew a conclusion that 5% gas-
trodin-PU/n-HA was an osteogenic enhancer (Fig. 9B).
Neo-bone tissue extended around the 5% gastrodin-
PU/n-HA scaffolds and infiltrated into the pores. The
PU/n-HA group presented a less osteogenic tendency
to enwrap the remaining materials; moreover, new bone
ingrowth to bridge two distant walls was diminished.
In the control group, neo-bone was mainly confined to
the margins of the outermost defect. Quantitative data
showed that the BV/TV and Tb.N in the 5% gastrodin-
PU/n-HA group were significantly higher than those in
PU/n-HA and control groups (Fig. 9C). Regarding degen-
erative changes in osteoporosis, we next focused on per-
forming an in-depth microstructural analysis. As shown
in Fig. 9D, the 5% gastrodin-PU/n-HA group exerted
obvious protective effects on the host trabecular bone
adjacent to the implants, presenting a uniform trabecu-
lar bone distribution. Finite element analysis (FEA) con-
firmed a more homogenous distribution of deformation
in 5% gastrodin-PU/n-HA upon loading, while an obvi-
ous concentration of maximum deformation was visual-
ized in control group. Further analysis demonstrated that
the PU/n-HA group had generally higher BV/TV, Tb.Th,
Tb.N, BMD than the control group (Fig. 9E). This was
especially evident in 5% gastrodin-PU/n-HA group in
which a prominently higher Tb.N and lower Tb.sp were
observed, suggesting efficient alleviation in develop-
ment of osteoporosis. Taken together, the present results
have shown unequivocally that 5% gastrodin-PU/n-HA
can contribute to endogenous bone regeneration within
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defect regions and more importantly, it reverses the bone
loss due to progression of osteoporosis.

Discussion

Osteoporosis has an insufficient bone regenerative
capacity, and once a bone defect occurs, an inflamma-
tory response always appears, leading to damaged stem
cell function and delayed healing. There are two essential
steps to synergistically regulate bone repair: early-staged
recruitment of stem cells to lesion sites, followed by their
differentiation into osteoblasts and mineralization of
extracellular matrix. For this reason, developing regen-
eration-driven biomaterials to mimic physiology staged
microenvironment was proposed for the fabrication of
PU/n-HA scaffolds with sequential gastrodin-release sys-
tem. Our group had previously established a PU/n-HA
platform to locally control gastrodin release and this had
yielded reasonable bone regenerate effect in an experi-
mentally created condylar defect of femur model in SD
rat. When subcutaneously implanted, the scaffold attenu-
ated fibrous capsule formation. No pathological changes
in the major organ tissue (heart, liver, spleen, kidney,
and lung) were found in histological specimens [18]. The
low porosity and slow degradation, however, had limited
the infiltration of regenerating tissues into center of the
bio-scaffold. Here, we modified the foaming method by
enlarging the pore size and porosity via adjusting the
composition proportion and foaming agent, to obtain
a uniform porous scaffold (Fig. 1C). The microporous
structure was comparable to the cancellous bone that can
accommodate cell niches for osteoporotic bone regenera-
tion. During in vitro degradation, the newly fabricated
scaffolds were demonstrated to release gastrodin in a gra-
dient concentration (Fig. 1A and B), which would satisfy
the greater gastrodin demands for remodeling microen-
vironment and guide the sequential behaviors of endog-
enous stem cells.

Enhancing the homing of endogenous stem cells con-
tributes to in situ tissue repair. The acute inflammation
upon implantation can activate local and circulating
monocytes/macrophages to defect region and release
excess chemokines, cytokines, and other factors [29, 30].
Chemokines, as representative sensors of inflammatory
microenvironment, have capability to trigger the migra-
tion and enrichment of host mesenchymal stem cells
(MSCs) and osteoprogenitor cells from their local niches
[31]. The major chemokine involved in this is related to
SDF-1a/CXCR4 signal axis [32]. Bone marrow (BM) is
considered the main reservoir of many stem cells. It is
well documented that BM-derived stem cells (BMSCs)
increase the quantity of available regenerative cells for
the repair of remotely injured tissue through mobiliza-
tion or homing [33]. The present results have shown
that microenvironmentally optimized scaffold produced
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Fig. 9 In vivo bone healing evaluation on an osteoporotic rat model with bone defect. (A) Representative reconstructed 3D micro-CT images of bone
tissue. (B) 2D cross-sectional images (left panel) and 3D micro-CT rendered images (right panel) of the implant-new bone within defective area. (C) Quan-
titative analysis of the parameters (Tb.N and BV/TV) of regenerative bone (n=3). (D) First panel: 2D cross-sectional images of femoral condyles; second
panel: 3D micro-CT rendered images of the trabecular bone adjacent to the defect; third panel: FEA predicted total deformation under load. (E) Quantita-
tive estimation of BV/TV, Tb.Th, Tb.sp, Tb.N, BMD. Error bars represent standard deviation from mean (n=3). **p <0.001; **p <0.01; *p < 0.05

sufficient cell migration-related genes (SDF-1 and TGE-
B) (Fig. 3D and F) to recruit more cell to lesion in vivo.
This is evidenced by activation of BMSCs population
within the bone marrow. Thus, the number of CD29"/
CD457/CD90" in the 5% gastrodin-PU/n-HA group was
substantially higher than those in both PU/n-HA and
control groups (Fig. 3B). This notion lends its support

from the transwell system as designed by us. In this con-
nection, an inductive microenvironment created by scaf-
folds retrieved from subcutaneous or femoral condyle
defect, to direct BMSCs migration in transwell system
was also designed, and 5% gastrodin-PU/n-HA preferen-
tially upregulated their migration rate (Fig. 3C and E).
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In addition to inducing stem cells to reach the bone
defect area, endogenous bone regeneration requires
that not only renewal of the stem cell population but it
also needs to ensure osteogenic differentiation. In the
latter, appropriate and timely switch toward M2 type
macrophage has been widely recognized as necessary
in the process of endogenous stem cell recruitment and
behavior [34]. In agreement with other osteoinductive
biomaterials, our scaffold promoted polarization of M2
macrophages phenotype which provided pro-healing
factors (Fig. 2D and E). This had extended a cytoprotec-
tive effect and promoted cell survival at the defect site.
Additionally, serum biomarker analysis showed a lower
level of proinflammatory cytokines in the 5% gastrodin-
PU/n-HA group than in the PU/n-HA group (Fig. 2A-C).
Furthermore, stimulated stem cells underwent prolifera-
tion following injury [35]. Here we showed an increase
in population of EdU-labeled proliferating BMSC when
treated with 5% gastrodin-PU/n-HA implant, indicating
its potential in enhancing regeneration through prolifera-
tion (Fig. 4A and B).

Mitochondria, the essential organelles that are respon-
sible for energy production and cellular processes (e.g.,
cell growth/differentiation), had capability to proliferate
while maintaining cell viability [36, 37]. Improvement
in mitochondrial function-related genes and proteins
(PGCla, ATP5A1, Mtco2, and TOM20), mitochondrial
area, and mitochondrial membrane potential expres-
sion (Fig. 4) induced by 5% gastrodin-PU/n-HA treat-
ment at all time points showed its potential to rescue the
mitochondrial damage associated with inflammation.
A large F-actin assembly and spreading area of BMSCs
treated with 5% gastrodin-PU/n-HA were significantly
enhanced, reflecting activated BMSCs. Upon initiation of
osteo-differentiation process, the perinuclear mitochon-
dria became more uniformly distributed throughout the
cytoplasm, which may fulfill a greater energy demand.
Interestingly, the stem cell and osteogenic differentiation
markers (OCT-4 and OSX), were enriched asymmetri-
cally in the dividing cell pairs (Fig. 5A). After osteogenic
induction, the activation of osteogenic transcription fac-
tors, including Runx2, OSX, and BMP-2, was enhanced
in 5% gastrodin-PU/n-HA group (Fig. S1), indicating
osteo-differentiation is initiated in this condition to adapt
to the growth microenvironment.

The balance between stemness and osteo-differentia-
tion probably hinges on the precise regulation in asym-
metric cell division. Once the stem cells leave their niche,
they proliferate and divide asymmetrically to maintain a
balance of dividing and differentiating cells within a tis-
sue, generating one progenitor and one differentiated
cell toward desired phenotype [38, 39]. The process of
ACD relies on the differential portioning of niche con-
tacts [40] and evolutionarily conserved polarity complex

Page 21 of 23

Par-3(Baz)/Par-6/aPKC [21]. The fate determining par
complex is asymmetrically segregated, leading to oppos-
ing fate of two daughter cells, as well as distinct polarity-
driven functions [41]. With respect to polarization of fate
determinant, aPKC protein was asymmetrically distrib-
uted in some dividing cell pairs when treated with 5%
gastrodin-PU/n-HA implant (Fig. 6A-C). Elevated aPKC
gene expression was shown to trigger ACD (Fig. 6D).
On the other side, polarized Wnt signaling was probably
responsible for asymmetric cell division, which regulates
tissue polarity and cell patterning. Experiments con-
firmed that overexpression of Wnt ligands in hemato-
poietic stem cells [42] or active -catenin in conjunctival
stem cells [43] results in an increased number of stem
cells. The pivotal role of Wnt-f-catenin signaling in bone
homeostasis is exemplified by its strong link with PTH
and BMP [44]. Okuchi et al. recently demonstrated that
immobilized-Wnt materials can accelerate bone repair by
maintaining stem and osteogenic cells in the injury site
[26]. In the present study, the 5% gastrodin-PU/n-HA
implant strongly upregulated osteogenesis related genes
and pathways related to ACD, including the Wnt, aPKC
signaling pathway. The colocalization of B-catenin with
OCT-4 in one daughter stem cell indicated the involve-
ment of Wnt in the course of ACD (Fig. S5). In other
words, their synergistic functions had facilitated asym-
metric outcome of the division. Furthermore, some stem
cells undergo proliferating symmetric division to give
rise to two daughter stem cells are also needed [45]. Such
symmetric division would critically expand stem cell
population, especially when neo-tissues increase in size
after injury [20]. We showed here that as tissue regener-
ated, stem cell associated marker OCT4 was expressed at
high levels in the 5% gastrodin-PU/n-HA group (Fig. 5A,
B and D), indicating expansion of stem cell population,
necessary for new tissue formation.

Effective matrix cell-trapping within the bone defected
or scaffold site is a guarantee for bone repair. Skeletal
stem/progenitor cells (SSCs) have been recently charac-
terized as tissue-specific stem cells in skeletons and are
in favor for bone development and regeneration [46—48].
SSCs have been shown to give rise to osteoblasts, mak-
ing it necessary to determine their fate selection. In the
present results, the SSCs also appear to be dedicated to
ensuring asymmetric outcome of the division, therefore
one that supports self-renewal and another that pro-
motes differentiation (Fig. 7). It is tempting to speculate
that the stem cells consisting of the resident cells in the
matrix and marrow both can contribute significantly to
the maintenance of homeostasis. Thus, confirming the
satisfactory efficiency of 5% gastrodin-PU/n-HA scaffold
in osteoporotic bone regeneration in vivo is crucial. In
our osteoporotic rat femur defect model, the 5% gastro-
din-PU/n-HA implant induced higher positive-BMP-2
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expression in new bone tissues (Fig. 8). Interestingly, this
is coincident with the attenuated inflammatory microen-
vironment now exposed to reparative factors regulated
by M2 macrophages (Fig. 2D and E). After implantation
for 14 days, the early tissue repaired with the 5% gastro-
din-PU/n-HA presented more connective tissue infiltra-
tion and regeneration. It is well documented that MSCs
are progenitors of connective tissues. The 5% gastro-
din-PU/n-HA scaffold had exerted a significant regula-
tory effect on MSCs, mainly enriching CD146 (Fig. 3A)
and BMP-2 markers to maintain the stem cell pool and
osteogenic differentiation. This apparent regenerative
advantage was even more pronounced at 28 days after
implantation. While maintaining the number of stem
cells, the 5% gastrodin-PU/n-HA group had exhibited
largest bone area and osteoblast numbers. Ameliorating
bone loss near the implant is interesting because con-
tinuing osteoporosis could cause undesirable microenvi-
ronment known to insufficient bone repair [49, 50]. Our
micro-CT analysis revealed that the implanted groups
had more promising outcome in maintaining the adja-
cent osteoporotic trabecular microstructural parameters
(Fig. 9). The advantageous repair effect of 5% gastrodin-
PU/n-HA scaffold may benefit from a conducive environ-
ment with continuous gastrodin release. In synergy with
the early mechanical support rendered by scaffold, which
could share load distribution with the adjacent osteo-
porotic bone, osteoporosis had significantly improved.
Taken together, we have showed that the osteoporotic
bone regeneration by 5% gastrodin-PU/n-HA group
was superior to that of PU/n-HA and control groups,
suggesting that an optimized microenvironment might
sufficiently regulate cell fate in the repair process and
eventually regenerate bone tissues.

As far as we know, there is little experimental evidence
supporting the distinct fate of stem cells after implanta-
tion of scaffolds during the regeneration of defective
bone. Our present repair strategy merely aims to explore
the potential in self-renewal and osteo-differentiation of
stem cells isolated from both bone marrow and skeleton,
which is a relatively confined approach. The main limita-
tions of the study include the lack of a purification pro-
cess for stem cells, which might further help identify the
precise fate of stem cells. Further decode of exact ACD
manner, including osteogenic commitment of recruited
stem cells mediated by gastrodin-optimized microenvi-
ronment, may improve the bone repair strategy to even
a higher level.

Conclusion

The mechanism of microenvironmentally optimized
gastrodin-functionalized PU/n-HA in orchestrating
osteogenic commitment of recruited stem cells was elu-
cidated in the present study. The gastrodin-PU/n-HA
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scaffold had a dual role in endogenous bone regeneration
by promoting recruitment of stem cells and induction of
osteogenic differentiation. When the scaffold implanta-
tion, endogenous stem cells or progenitors were activated
and migrated to the lesion, which subsequently strongly
enhances stem cell population and osteogenic niches
by facilitating M2 macrophage polarization. We further
revealed that both recruited BMSC and SSC-like cells
utilized asymmetric cell division to balance stemness
maintenance and differentiation, which were governed by
distinct aPKC and p-catenin biases. These findings could
give important inspiration for mimicking the endogenous
bone regeneration in a stem cell fate perspective.
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