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A B S T R A C T   

Wound healing is a highly orchestrated process involving a variety of cells, including immune cells. Developing 
immunomodulatory biomaterials for regenerative engineering applications, such as bone regeneration, is an 
appealing strategy. Herein, inspired by the immunomodulatory effects of gastrodin (a bioactive component in 
traditional Chinese herbal medicine), a series of new immunomodulatory gastrodin-comprising biodegradable 
polyurethane (gastrodin-PU) and nano-hydroxyapatite (n-HA) (gastrodin-PU/n-HA) composites were developed. 
RAW 264.7 macrophages, rat bone marrow mesenchymal stem cells (rBMSCs), and human umbilical vein 
endothelial cells (HUVECs) were cultured with gastrodin-PU/n-HA containing different concentrations of gas-
trodin (0.5%, 1%, and 2%) to decipher their immunomodulatory effects on osteogenesis and angiogenesis in 
vitro. Results demonstrated that, compared with PU/n-HA, gastrodin-PU/n-HA induced macrophage polarization 
toward the M2 phenotype, as evidenced by the higher expression level of pro-regenerative cytokines (CD206, 
Arg-1) and the lower expression of pro-inflammatory cytokines (iNOS). The expression levels of osteogenesis- 
related factors (BMP-2 and ALP) in the rBMSCs and angiogenesis-related factors (VEGF and BFGF) in the 
HUVECs were significantly up-regulated in gastrodin-PU/n-HA/macrophage-conditioned medium. The immu-
nomodulatory effects of gastrodin-PU/n-HA to reprogram macrophages from a pro-inflammatory (M1) pheno-
type to an anti-inflammatory and pro-healing (M2) phenotype were validated in a rat subcutaneous implantation 
model. And the 2% gastrodin-PU/n-HA significantly decreased fibrous capsule formation and enhanced angio-
genesis. Additionally, 2% gastrodin-PU/n-HA scaffolds implanted in the rat femoral condyle defect model 
showed accelerated osteogenesis and angiogenesis. Thus, the novel gastrodin-PU/n-HA scaffold may represent a 
new and promising immunomodulatory biomaterial for bone repair and regeneration.   

1. Introduction 

The treatment of large bone defects is a major medical problem 
worldwide. Biomaterial implantation is deemed an important option to 
promote bone reparation, but its efficiency remains a challenging issue 

[1–4]. Bone healing is a well-orchestrated process involving interactions 
among different complex biological events, including early inflamma-
tory immune regulation, angiogenesis, osteogenic differentiation, and 
osteogenesis [5,6]. Various biomaterials have been investigated, with 
emphasis on the development of favorable bone substitutes with desired 
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physiochemical [7,8], mechanical [9,10], and osteogenic properties 
[11,12] related to bone formation. However, the often-ignored regula-
tory role of the immune system in the biomaterial-mediated bone 
microenvironment can lead to undesirable bone repair effects [13]. 
After implantation in vivo, biomaterials interact with immune cells and 
can trigger an inflammatory response, with the cell types involved and 
duration of the response markedly affecting therapeutic indices, from 
fibrosis formation to regeneration (osteogenesis and angiogenesis) [14]. 
An unrestrained inflammatory response can disrupt bone homeostasis, 
resulting in delayed wound healing and bone tissue regeneration. In 
contrast, a beneficial anti-inflammatory immune microenvironment 
modulated by biomaterials could ensure better bone cell differentiation, 
improved blood vessel formation, and successful long-term implantation 
[15,16]. 

Macrophages, major immune cells that form the first line of defense 
in the immune system, play a central role in orchestrating immunoin-
flammatory responses and tissue repair by releasing cytokines, growth 
factors, and chemokines to determine the fate of biomaterials [17,18]. 
Indeed, macrophages have been widely targeted to investigate the 
osteoimmunomodulatory properties of biomaterials. Chang et al. re-
ported that depletion of macrophages in vivo using the macrophage by 
Fas-L-induced apoptosis (MAFIA) mouse caused complete loss of oste-
oblast bone-forming, expressed lower mRNA of ALP and COL1 [19]. 
Deficiency in macrophages also significantly inhibits the deposition of 
woven bone and mineralization of new bone in mouse models with tibia 
defects [20]. In response to different microenvironments, macrophages 
polarize towards different phenotypes, including pro-inflammatory 
(M1) and pro-healing (M2) polarization, which exert different effects 
on tissue repair [21]. In the inflammation phase, macrophages tend to 
polarize towards the M1 phenotype, which promotes the secretion of 
pro-inflammatory cytokines such as tumor necrosis factor-alpha 
(TNF-α), interleukin-1 beta (IL-1β), and inducible nitric oxide synthase 
(iNOS), which can exacerbate harmful inflammatory responses [22,23]. 
In the repair phase, macrophages in the M2 phenotype generally express 
high levels of interleukin-10 (IL-10), arginase-1 (Arg-1), bone morpho-
genetic protein 2 (BMP-2), and vascular endothelial growth factor 
(VEGF), which suppress inflammation, recruit osteoprogenitor cells, and 
activate angiogenesis, tissue remodeling, and bone regeneration [24, 
25]. Aberrant immunomodulation (suppression or enhancement) may 
delay bone regeneration by blocking the transformation of macrophages 
from the M1 to M2 phenotype [14,26]. Therefore, a combined immu-
nomodulatory tool capable of effectively controlling the density of 
activated M2 macrophages at the early stage of bone injury could 
significantly influence bone healing events and the in vivo fate of bone 
repair biomaterials [27–29]. 

M2 macrophages contribute to satisfactory bone repair and con-
struction. Of note, they can be modulated by tailoring the properties of 
biomaterials to create a favorable immune microenvironment [30,31]. 
Understanding macrophage-biomaterial interactions through positive 
feedback with the immune system is important for designing synthetic 
bone grafts with improved features to foster bone formation [32]. An 
innovative strategy has been developed to optimize immunomodulatory 
biomaterials that harmonize M1-M2 polarization [33,34]. To this end, 
the tailorable cues of biomaterials regarding surface topography, hy-
drophilicity, porosity, and materials dynamics and mechanics [35–37] 
can be considered for modulating the macrophage immune response. 
The main bioactive constituents of the traditional Chinese herbal med-
icines (e.g., Icariin [38], curcumin [39]) have also been applied to 
immunomodulation because of their anti-inflammatory properties and 
bone healing-enhancing effects. However, due to their complex chemi-
cal structure, the constituents are rarely used as a chemical synthesis 
component of biomaterials. The common application strategies are 
intragastric administration, physical mixing with materials and micro-
sphere sustained release, which reduce immunomodulatory 
performance. 

Gastrodin, a primary bioactive constituent of traditional Chinese 

herbal medicine with potential immunomodulatory capacities, is used as 
an inherent drug for therapeutic development [40–42]. Gastrodin can 
protect stem cells against oxidative stress and dysfunction and improve 
osteogenic markers [43], and act as an osteodifferentiation molecule to 
promote mineralization dose dependently [44]. When used for sustained 
delivery, the pharmacokinetics, biodistribution, and mechanisms of 
gastrodin may modulate the immune system. Compared with other 
traditional Chinese medicines, gastrodin has a relatively simple chemi-
cal structure and polyhydroxyl functional group, which can be chemi-
cally polymerize. Of note, polyurethane (PU) has binding sites at chain 
segments and been widely used to deliver drugs to augment healing 
outcomes [45,46], holding great promise as a superior functional ma-
terial in tissue engineering [47–50]. Thus, gastrodin bound to PU not 
only enhances mechanical properties as a cross-linker, but also increases 
hydrophilicity to facilitate cell adhesion [51]. These attractive features 
encourage us to synthesize anti-inflammatory gastrondin/PU for 
vascular tissue engineering in previous report [52]. However, there has 
been a dearth of research on gastrodin into bone biomimetic degradable 
materials for osteoimmunomodulation. PU/nano-hydroxyapatite 
(PU/n-HA) composites, which are widely used biomaterials in bone 
regeneration, possess excellent osteoconductive and osteoinductive 
properties and a similar chemical composition and hierarchical struc-
ture as natural bone [53–55]. Based on these advantageous features, we 
wondered whether PU/n-HA and gastrodin in combination could opti-
mize their functions. 

To achieve this, we developed a novel system combining bioactive 
gastrodin and bionic PU/n-HA scaffolds for the treatment of bone de-
fects. The scaffold provided on-demand drug release, depending on the 
progressive degradation of PU in response to the components. Moreover, 
the sequential gastrodin-delivery PU/n-HA scaffolds reprogrammed the 
M2 macrophage domain to trigger osteogenic effects of the activated 
osteoimmune environment on rat bone marrow mesenchymal stem cells 
(rBMSCs) as well as angiogenic effects on human umbilical vein endo-
thelial cells (HUVECs). The adaptive immune/inflammatory response 
also initiated the production of pro-healing cytokines against pro- 
inflammatory cytokines and activated angiogenesis in subcutaneous 
implantation. Finally, the optimized gastrodin-PU/n-HA scaffolds effi-
ciently enhanced vascular bone tissue regeneration using a femoral 
condyle defect model in rats. The present study sheds light on the sig-
nificance of immunomodulatory gastrodin-PU/n-HA with multi- 
effective bone regeneration capacity in orthopedic fields. 

2. Materials and methods 

2.1. Chemicals and reagents 

Poly(Ɛ-caprolactone)2000 (PCL2000), isophorone diisocyanate 
(IPDI), and lysine ethyl ester dihydrochloride (Lys⋅OEt–2HCl) were 
purchased from Aladdin Co., Ltd. (China). The n-HA powder was pre-
pared using a previously reported hydrothermal method [55], then sif-
ted through sieves (300 mesh diameter). Gastrodin (purity >99.0%) was 
purchased from Kunming Pharmaceutical Co., Ltd. (China). The other 
AR-grade chemicals were purchased from Tianjin Fengchuan Chemical 
Reagent Technology (China). All chemicals were used as received 
without further purification unless otherwise stated. 

2.2. Preparation of porous composite scaffolds 

Porous composite scaffolds were successfully constructed using the 
in situ foaming method [55]. First, 30.00 g of PCL2000 and 10.50 g of 
n-HA (20 wt%) particles were mixed in a 250-ml three-necked flask 
under a nitrogen atmosphere and heated at 70 ◦C, after which 7.80 g of 
IPDI was added with stirring for 4 h to obtain the prepolymer. Succes-
sively, 3.70 g of Lys⋅OEt–2HCl was applied as a chain extender to extend 
the prepolymer. After stirring for 2 h, different concentrations of gas-
trodin were added into the prepolymer to form four different scaffolds. 
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Finally, 0.2 ml of deionized water was added and stirred for 30 min. The 
resultant mixture was cured at 90 ◦C accompanied by simultaneous 
foaming. According to the theoretical weight ratio of gastrodin in the 
polymer chain (set as 0%, 0.5%, 1%, and 2%), the samples were named 
as PU/n-HA, 0.5%, 1%, and 2% gastrodin-PU/n-HA, respectively. 

2.3. Characterization of scaffolds 

2.3.1. Fourier transform infrared spectroscopy (FTIR) analysis 
The functional structure of scaffolds was investigated by FTIR using a 

spectrometer (ThermoFisher, Nicoletis10, USA). The FTIR spectra were 
collected in the range of 4000–600 cm− 1. 

2.3.2. X-ray diffraction (XRD) analysis 
The XRD patterns of pure n-HA and scaffolds incubated in 0.5 M 

NaOH solution for 0 and 12 weeks were determined by XRD (KAlpha+, 
ThermoFisher Scientific, USA) at 40 kV and 20 mA in a 2θ range of 5–60◦

with a step of 0.03◦. 

2.3.3. Mechanical test 
The compressive strength and modulus of specimens (10 × 10 × 20 

mm3) were measured using a universal testing machine (AUTOGRAPH 
AG-IC 20/50 KN, Japan). The cross-head speed was set to 5 mm/min, 
and the load was applied until the specimen was compressed to 40% of 
its original length. Five specimens in each group were subjected to this 
test. 

2.3.4. In vitro degradation studies 
The scaffolds (~0.21 g) were subjected to a degradation test in 3 ml 

of 0.5 M NaOH solution at 37 ◦C, which accelerated degradation. The 
experiment was performed in quintuplicate. The initial weight was 
noted as W0. The specimens were removed from the NaOH solution at 1, 
2, 4, 6, 8, 10, and 12 weeks, then washed with distilled water, dried, and 
weighed. The final weight was noted as W1. Mass loss was calculated 
according to the following equation:  

Mass loss = [(W0 − W1) / W0] × 100%                                                     

At the time point of degradation, the accumulated suspension liquor 
was measured to evaluate gastrodin release by high-performance liquid 
chromatography (HPLC, Shimadzu, Kyoto, Japan) at a wavelength of 
220 nm. Detailed procedures are provided in the Supplementary Infor-
mation (SI). 

2.4. Cell viability study in vitro 

After sterilization by γ-ray irradiation with 15 kGy, scaffold discs (Ф 
13 mm × 2 mm) were incubated with rBMSCs (2 × 104 cells/well) in 24- 
well plates using Minimum Essential Medium Alpha (α-MEM, Corning, 
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 1% 
penicillin-streptomycin (HyClone, USA) for 4 and 7 days (n = 5). The 
cell culture medium was replaced every 3 days. At each time point, the 
culture medium was removed and washed twice with phosphate- 
buffered saline (PBS). A Live/Dead Viability/Cytotoxicity Assay Kit 
(ThermoFisher Scientific, USA) was used for fluorescence staining of live 
(green) and dead (red) cells. The scaffolds with adherent cells were 
rinsed with PBS three times, stained by live/dead solution, and incu-
bated at 37 ◦C for 0.5 h to monitor rBMSC viability. Images were 
captured using an inverted fluorescence microscope (IX73, Olympus, 
Japan). In addition, cells washed with PBS were stained with Mito-
Tracker® Red CMXRos (Solarbio, China, No.: M9940) for cytoplasmic 
mitochondria and incubated at 37 ◦C for 0.5 h. After fixation with 4% 
paraformaldehyde solution, the cells were stained with phalloidin 
(Solarbio, China, No.: CA1640) for actin and DAPI (Abcam, USA, No: 
ab104139) for nuclei and then imaged using an optical microscope 
(BX53, Olympus, Japan). Cell proliferation was further evaluated using 

a Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, 
Japan). 

To explore the effects of scaffolds on osteogenic differentiation, 
rBMSCs (2 × 104 cells/well) were seeded onto scaffolds in 24-well plates 
and incubated with α-MEM. After culturing for 14 days, the cells were 
extracted by TRIzol reagent (ThermoFisher Scientific, USA) and 
analyzed by RT-qPCR. The expression levels of runt-related transcription 
factor 2 (RUNX2), alkaline phosphatase (ALP), and collagen type 1 
(COL1) were measured. 

2.5. Immune/inflammatory response in vitro 

2.5.1. Immunomodulatory effects of scaffolds on RAW 264.7 cells 
RAW 264.7 cells (leukemia cells in mouse macrophage cell line) (5 ×

104 cells/well) were seeded onto scaffolds in 12-well plates with Dul-
becco’s Modified Eagle’s Medium (DMEM, Corning, USA) supplemented 
with 10% FBS and 1% penicillin-streptomycin. After 3 days of incuba-
tion, the medium was collected and centrifuged to obtain the superna-
tant as the conditioned medium for subsequent experiments. 

Cell proliferation was evaluated using the CCK-8 assay. Relative gene 
expression levels of iNOS, Arg-1, and cluster of differentiation 206 
(CD206) were measured by RT-qPCR. Relative protein expression levels 
of Arg-1, CD206, iNOS, and TNF-α were measured by western blotting. 
For immunofluorescence analysis, cells were fixed in 4% para-
formaldehyde solution for 30 min, permeabilized in 0.1% Triton X-100 
for 30 min, and blocked in 10% goat serum for 6 h. The cells were 
incubated with primary antibodies against iNOS and Arg-1 at 4 ◦C 
overnight, respectively, then incubated with secondary antibodies for 2 
h in the dark at room temperature. Cell nuclei were stained with DAPI 
and mounted. Protein expression in cells was detected with an optical 
microscope and optical density was calculated using Image Pro Plus v6.0 
and GraphPad Prism v8.0. 

2.5.2. Osteogenic differentiation of rBMSCs under macrophage 
microenvironment modulation 

A special culture medium for rBMSCs was prepared by 2-fold dilution 
of the conditioned medium (see Section 2.5.1.) with fresh α-MEM. The 
rBMSCs (1 × 106 cells/well) were seeded in 6-well plates in the α-MEM 
for cell migration assay. After 12 h of incubation, a scratch was made 
using a sterile 200-μl pipette tip, and cell debris was washed with PBS. 
The special culture medium without FBS was then added to the wells. 
Cell migration propensity was imaged after 0 and 24 h. The wound areas 
were measured by Image Pro Plus v6.0. Furthermore, rBMSCs (1 × 105 

cells/well) were seeded in 12-well plates in α-MEM to evaluate 
osteoimmune regulation. After 12 h of incubation, the original medium 
was removed and substituted with the special culture medium. After 3 
days of culture, the rBMSCs were harvested and total RNA was extracted 
for analysis of osteogenic genes BMP-2 and ALP by RT-qPCR. Protein 
expression of BMP-2 was further evaluated by western blotting and 
immunofluorescence. 

2.5.3. Angiogenesis analysis of HUVECs under macrophage 
microenvironment modulation 

The special culture medium for HUVECs was prepared by mixing 
DMEM and collected conditioned medium (see Section 2.5.1.) at a ratio 
of 2:1. The HUVECs (1 × 106 cells/well) were seeded in 6-well plates in 
DMEM and subjected to cell migration assay. Furthermore, the cells (1 
× 105 cells/well) were seeded in 12-well plates in DMEM to determine 
the effects of the macrophage microenvironment on HUVECs. After 
culturing for 12 h, the original medium was removed and replaced by 
the special culture medium for a further 3 days of incubation. Finally, 
the related angiogenic genes and proteins of VEGF and basic fibroblast 
growth factor (BFGF) were evaluated by RT-qPCR, western blotting, and 
immunofluorescence. 
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2.6. Immunomodulatory effect and angiogenesis of subcutaneously 
embedded scaffolds 

24 Sprague-Dawley (SD) rats (males, 200–220 g) were used for 
subcutaneous implantation of scaffolds. All animal experimental pro-
tocols followed the guidelines and regulations of the Institutional Ani-
mal Care and Use Committee of Kunming Medical University (China). 
The rats were randomly divided into four groups (six rats/group): PU/n- 
HA, 0.5%, 1%, and 2% gastrodin-PU/n-HA. Each sterilized disc spec-
imen (Ф 13 mm × 2 mm) was symmetrically transplanted into the dorsal 
subcutaneous pocket of each rat. All rats were then sacrificed at 3 and 14 
days after implantation. Collected blood serum was assayed to measure 
the content of IL-1β using an IL-1β ELISA kit (Nanjing Jiancheng, China) 
according to the manufacturer’s instructions. Vascular connections ex 
vivo were tested, with further details reported in the SI. Samples with the 
surrounding tissues along with the heart, liver, spleen, kidney, and lung 
were collected and fixed with 4% paraformaldehyde solution for 7 days. 
The tissue samples were dehydrated in graded concentrations of 
ethanol. After this, they were cleared in xylene, embedded in paraffin 
wax, and cut into 5-μm thick sections. The sections were deparaffinized, 
rehydrated, and stained hematoxylin and eosin (H&E), Masson, CD31, 
Arg-1, and iNOS, followed by imaging using an optical microscope. 

2.7. Repair assay in rat femoral condyle defect model 

The experiments involved the use of 45 SD rats. Based on the in vitro 
results, rats were divided into three groups: PU/n-HA, 1%, and 2% 

gastrodin-PU/n-HA. After exposure of the lateral femoral condyle, a 
defect (Ф 3 mm × 3 mm in size) was created. A sterilized scaffold (Ф 3 
mm × 3 mm) was inserted into the defect, with the musculature and skin 
incision then closed with absorbable sutures. At postoperative weeks 4, 
8, and 12, the rats were euthanized, and the femurs with implantations 
were harvested and fixed in 4% paraformaldehyde solution for micro- 
computed tomography (micro-CT) and histological and immunological 
examination. Further details are reported in the SI. 

2.8. 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 t-test was used for statistical com-
parisons between two groups. All statistical analyses were performed 
using GraphPad Prism v8.0. Statistical significance was accepted at P <
0.05. 

3. Results 

3.1. Physicochemical properties of scaffolds 

As shown in Fig. 1A, the peaks at 2936 cm− 1 and 2864 cm− 1 

belonged to symmetric and asymmetric vibrations of the –CH3 and –CH2 
groups, respectively. The peaks at 1723 cm− 1 and 1529 cm− 1 were 
ascribed to C = O and –NH stretching of the urethane group (OCONH) of 
PU, respectively. The characteristic peak at 3372 cm− 1 for gastrodin was 

Fig. 1. (A) FTIR spectral characterization of 
n-HA, gastrodin, and gastrodin-PU/n-HA 
scaffolds. (B) XRD characterization of n-HA 
and gastrodin-PU/n-HA scaffolds. (C) Digital 
photo of scaffolds. (D, E) Effects of gastrodin 
concentration on mechanical properties: (D) 
Elastic modulus and (E) Compression 
strength. (F) In vitro degradation study of 
scaffolds in 0.5 M NaOH solution. (G) Gas-
trodin release profiles from scaffolds in 0.5 
M NaOH solution. Error bars represent 
standard deviation from mean (n = 5). ***p 
< 0.001; **p < 0.01; *p < 0.05.   
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significantly reduced in PU, indicating its role in cross-link polymeri-
zation, as demonstrated in our previous report [51]. The broad peaks at 
1092 cm− 1 and 1034 cm− 1 corresponded to the vibration of a phosphate 
group (PO4), suggesting that n-HA was composited into the scaffolds. 
The band at 3431 cm− 1 was due to –OH stretching mode in the crystal 
lattice of n-HA [56]. 

The XRD pattern also showed a typical n-HA crystalline structure in 
Fig. 1B. The peaks at 25.9◦ (002), 31.8◦ (211), 32.8◦ (300), 34.0◦ (202), 
and 39.8◦ (310) were characteristic of n-HA. Reduction in peak intensity 
of n-HA in the composites may result from its envelope within the PU 
matrix. Two distinct diffraction peaks were observed for all scaffolds at 
2θ = 21.5◦and 23.8◦ for the orthorhombic crystalline structure of 
PCL2000 (Fig. S3). 

The scaffolds showed a porous morphology (Fig. 1C). Moreover, 
gastrodin had a positive effect on the mechanical properties of the PU 
scaffolds, as shown in Fig. 1D and E. The elastic moduli of 2% gastrodin- 
PU/n-HA (62.20 ± 4.28 MPa), 1% gastrodin-PU/n-HA (54.38 ± 3.89 
MPa), and 0.5% gastrodin-PU/n-HA (45.05 ± 3.23 MPa) were signifi-
cantly higher than that of the PU/n-HA group (32.90 ± 1.02 MPa) 
(Fig. 1D). Both 2% gastrodin-PU/n-HA (3.70 ± 0.75 MPa) and 1% 
gastrodin-PU/n-HA (4.79 ± 0.46 MPa) had relatively higher compres-
sion strengths than the other groups (0.5% gastrodin-PU/n-HA (3.54 ±
0.10 MPa) and PU/n-HA (3.24 ± 0.36 MPa)) (Fig. 1E). 

The degradation profiles of the scaffolds in 0.5 M NaOH solution are 
shown in Fig. 1F. The degradation rate increased with the increase in 
gastrodin content in the PU. After 8 weeks, 2% and 1% gastrodin-PU/n- 
HA degraded by 49.78% and 48.43%, entering into a relatively rapid 
degradation period. In contrast, 0.5% gastrodin-PU/n-HA and PU/n-HA 
degraded only around 36.60% and 34.46%. At 12 weeks, the 2% 
gastrodin-PU/n-HA (74.60% ± 3.96%) and 1% gastrodin-PU/n-HA 
groups (71.17% ± 1.95%) had significantly higher degradation rates 
than that of the 0.5% gastrodin-PU/n-HA (51.60% ± 1.32%) and PU/n- 
HA groups (48.07% ± 1.15%) (p < 0.001) (Fig. 1F). The intensity of 
peaks in n-HA and PCL2000 also decreased after 12 weeks of degrada-
tion (Fig. S6). According to gastrodin release (Fig. 1G), the 2% 
gastrodin-PU/n-HA scaffold exhibited a sequential gastrodin release 
profile, showing an initial release level of 1.0 mg/ml in the first week 
and a total release level of 3.3 mg/ml after 12 weeks. Of note, gastrodin 
release from the 0.5% and 1% gastrodin-PU/n-HA scaffolds was signif-
icantly lower than that released from the 2% gastrodin-PU/n-HA scaf-
fold after 12 weeks. 

3.2. rBMSC activity and differentiation 

To investigate the effects of gastrodin-delivery PU/n-HA on cellular 
behavior, rBMSCs were cultured on the scaffolds. Live/dead results 

Fig. 2. In vitro viability and osteogenic differentiation of rBMSCs cultured on scaffolds. (A) Live/dead staining of rBMSCs on scaffolds after 4 and 7 days: (a, e) PU/n- 
HA, (b, f) 0.5% gastrodin-PU/n-HA, (c, g) 1% gastrodin-PU/n-HA, and (d, h) 2% gastrodin-PU/n-HA. Live cells are stained green, dead cells are stained red. (B) 
Images showing rBMSC morphology after 7 days of culture. F-actin is stained green, cytoplasmic mitochondria are stained red, and nuclei are stained blue. (C) CCK-8 
assay for proliferation after 4 and 7 days. (D–F) Relative expression of osteogenic genes (ALP, RUNX2, COL1) in rBMSCs cultured on composite scaffolds for 14 days. 
Error bars represent standard deviation from mean (n = 5). ***p < 0.001; **p < 0.01; *p < 0.05. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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showed that cells adhered and grew on the surface of each scaffold on 
days 4 and 7 (Fig. 2A). Furthermore, cell proliferation increased with 
prolonged culture time. Dead rBMSCs (in red) were found on the PU/n- 
HA scaffold, and the number of cells was markedly lower than that found 
on the gastrodin-PU/n-HA scaffolds. Cell proliferation, as determined 
via the CCK-8 assay (Fig. 2C), further demonstrated that the number of 
rBMSCs increased with culture time and gastrodin concentration, thus 
showing good cytocompatibility. Most rBMSCs exhibited highly 
stretched morphology with many long extension processes (Fig. 2B). On 
the other hand, the gastrodin-PU/n-HA groups induced higher osteo-
genic differentiation compared to the PU/n-HA group, confirming the 
superior osteo-promotive effects of gastrodin-PU/n-HA over PU/n-HA. 
Moreover, the highest value was observed in the 2% gastrodin-PU/n- 
HA group, which showed pronounced expression of ALP, RUNX2, and 
COL1 (Fig. 2D–F). 

3.3. Macrophage behavior mediated by scaffolds 

Macrophages were closely adhered and in numbers comparable to 
that on the gastrodin-PU/n-HA substrates. A progressive increase in cell 
number was observed in both the 1% and 2% gastrodin-PU/n-HA groups 
at day 3, with values significantly higher than that in the control; 
however, lower macrophage proliferative activity was observed in the 
0.5% gastrodin-PU/n-HA group. Nonetheless, all substrates presented a 
microenvironment conducive to cell growth (Fig. 3A). mRNA expression 
of iNOS (M1) and mRNA expression of Arg-1 and CD206 (M2) in RAW 
264.7 cells were further examined by RT-qPCR. As shown in Fig. 3B, 
compared to the other groups, the pro-inflammatory gene iNOS was 
significantly down-regulated in both the 1% and 2% gastrodin-PU/n-HA 
groups. In contrast, the expression levels of Arg-1 and CD206 were up- 
regulated in the gastrodin-PU/n-HA groups, especially 2% gastrodin- 
PU/n-HA. To further explore the effects of gastrodin-PU/n-HA on 
macrophage behavior, pro-inflammatory iNOS and pro-regenerative 
Arg-1 immunofluorescence staining analysis was performed 
(Fig. 3C–E). Results showed a notably higher optical density for Arg-1 

and lower optical density for iNOS in the 2% gastrodin-PU/n-HA 
group compared with the other groups. Western blotting showed 
similar results, along with reduced TNF-α protein expression in 
gastrodin-PU/n-HA (Fig. 3F and G). Taken together, these findings 
suggest that PU/n-HA scaffolds with gastrodin incorporation can 
attenuate activated M1 polarization but induce M2 polarization. 

3.4. Effects of scaffold/macrophage microenvironment on osteogenic 
differentiation of rBMSCs and angiogenesis of HUVECs 

To assess the effects of macrophage immune response on osteogenic 
and angiogenic differentiation, we explored cell migration and related 
gene and protein expression levels in rBMSCs (Fig. 4A) and HUVECs 
(Fig. 5A) cultured in different conditioned media of scaffold-activated 
RAW 264.7 cells. The migratory abilities of rBMSCs treated with 1% 
and 2% gastrodin-PU/n-HA-activated RAW 264.7 cell media were 
enhanced compared with the other groups (Fig. 4B and C). Furthermore, 
the expression of osteogenic genes (BMP-2 and ALP) in rBMSCs was 
significantly enhanced in the gastrodin-PU/n-HA groups, especially the 
2% gastrodin-PU/n-HA group (Fig. 4D and E). Correspondently, BMP-2 
protein expression in the 2% gastrodin-PU/n-HA group was markedly 
increased, as shown by immunofluorescence staining (Fig. 4F and G) and 
western blotting (Fig. 4H and I). Similar to the rBMSCs, when treated 
with conditioned medium of 2% gastrodin-PU/n-HA-activated RAW 
264.7 cells, the migratory ability of HUVECs was enhanced, and the 
expression of angiogenic markers (VEGF and BFGF) was significantly 
up-regulated at both the gene (Fig. 5D and E) and protein levels 
(Fig. 5F–J). 

3.5. Altered initial immune/inflammatory responses to the scaffold in vivo 

Immune/inflammatory response and angiogenesis elicited by the 
scaffolds by subcutaneous implantation were explored. As seen in 
Fig. 6B and C, IL-1β protein content in blood serum was significantly 
reduced in the 2% gastrodin-PU/n-HA group after 3 and 14 days. In 

Fig. 3. Assessment of immunomodulatory effects of scaffolds on macrophages after 3 days of culture. (A) Viability of RAW 264.7 cells using CCK-8. (B) Relative gene 
expression levels of Arg-1, CD206, and iNOS. (C) Immunofluorescence staining of Arg-1 (green), iNOS (red), and nuclei (blue). (D, E) Quantitative analysis of optical 
density of (D) Arg-1 and (E) iNOS staining. (F) Arg-1, CD 206, iNOS, and TNF-α protein expression levels in RAW 264.7 cells measured by western blotting, and (G) 
calculated corresponding protein levels. Error bars represent standard deviation from mean (n = 3). ***p < 0.001; **p < 0.01; *p < 0.05. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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contrast, the PU/n-HA group exhibited an inflammatory microenviron-
ment with a significantly higher level of IL-1β protein. The Arg-1 
macrophage population increased substantially in the 2% gastrodin- 
PU/n-HA group (Fig. 6D(d), E). Contrastly, the iNOS macrophage pop-
ulation decreased significantly compared with the PU/n-HA group on 
day 3 (Fig. 6D(a), F). On day 14, inflammatory cells remained robust in 
the PU/n-HA group (mainly iNOS cells) (Fig. 6D(e)), whereas very few 
were observed in the 2% gastrodin-PU/n-HA group (mainly Arg-1 cells) 
(Fig. 6D(h)). These results demonstrate that 2% gastrodin-PU/n-HA 
scaffolds can promote the polarization of macrophages to the M2 
phenotype, thereby reducing the inflammatory response after 

implantation and allowing better integration with host tissue. 
Histological observations showed that the inflammatory response 

around the subcutaneous gastrodin-PU/n-HA implants subsided after 14 
days (Fig. 6G). In the PU/n-HA group, a thick fibrous capsule formed 
around the implant; however, the thickness of the fibrous capsule was 
markedly reduced in the gastrodin-PU/n-HA groups, especially the 2% 
gastrodin-PU/n-HA group. The thickness of the fibrous capsule in the 
PU/n-HA group was almost double that found in the gastrodin-PU/n-HA 
groups (Fig. 6H). The ability of the scaffolds to promote angiogenesis in 
vivo was further evaluated. A few small-caliber blood vessels appeared in 
the periphery of the 2% gastrodin-PU/n-HA scaffold (Fig. 6I(d, h)), 

Fig. 4. (A) Schematic of osteogenic differentiation using conditioned medium from RAW 264.7 cells cultured with scaffolds for 3 days. (B) Cell migration in scratch 
assay. (C) Quantitative analysis of migratory ability of rBMSCs. (D, E) Osteogenic gene expression of ALP (D) and BMP-2 (E) analyzed by RT-qPCR. (F, G) Immu-
nofluorescence staining of BMP-2 (F) and corresponding optical density (G). (H, I) Western blotting (H) and relative intensity of bands (I). Error bars represent 
standard deviation from mean (n = 3). ***p < 0.001; **p < 0.01; *p < 0.05. 
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indicating its ability to effectively promote angiogenesis. The ex vivo co- 
culture experiments showed that the retrieved tissue samples from 2% 
gastrodin-PU/n-HA significantly enhanced tube formation in the 
HUVECs, as evidenced by increased branching and junction formation 
between cells (Fig. 6J and K). Additionally, no pathological changes in 
the heart, liver, spleen, lung, or kidney were found in histological 
specimens after 2 weeks (Fig. S8), indicating that the scaffolds did not 
cause local or systemic toxicity. 

3.6. Regenerative potential of scaffold in bone defect model 

New bone formation among the implants was evaluated at 4, 8, and 
12 weeks postoperatively. Micro-CT imaging indicated that 

implantation of 2% gastrodin-PU/n-HA achieved the best bone defect 
healing outcome and showed apparent bridging of the defect. The newly 
formed bone tissue showed active and progressive reconstruction from 
weeks 4–12, as seen by the change in density at the defect region 
(Fig. 7A(c, f, i)). In contrast, PU/n-HA only achieved limited bridging 
with little penetration of bone tissue into the center of the porous scaf-
fold (Fig. 7A(a, d, g)), while 1% gastrodin-PU/n-HA exhibited insuffi-
cient bridging, despite partial infiltration of bone tissue into the central 
area of the defect (Fig. 7A(b, e, h)). Quantitative micro-CT analysis 
demonstrated that the 2% gastrodin-PU/n-HA group achieved the 
highest total bone tissue formation (BV/TV) and trabecular thickness 
(Tb. Th), followed by 1% gastrodin-PU/n-HA and PU/n-HA (Fig. 7B and 
C). Of note, the regeneration of new bone tissue showed a time- 

Fig. 5. (A) Schematic of angiogenic differentiation using conditioned medium from RAW 264.7 cells cultured with scaffolds for 3 days. (B) Cell migration in scratch 
assay. (C) Quantitative analysis of migratory ability of HUVECs. (D, E) Angiogenic gene expression of BFGF (D) and VEGF (E) analyzed by RT-qPCR. (F, G) 
Immunofluorescence staining of VEGF (F) and corresponding optical density (G). (H–J) Western blotting (H) and relative intensity of BFGF (I) and VEGF (J) bands. 
Error bars represent standard deviation from mean (n = 3). ***p < 0.001; **p < 0.01; *p < 0.05. 
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dependent increase in all groups. The three-dimensional (3D) recon-
structed images of the implants showed that the 2% gastrodin-PU/n-HA 
group had a looser structure and less volume with faster degradation of 
the scaffold from weeks 4–12 (Fig. 7D(c, f, i)), followed by the 1% 
gastrodin-PU/n-HA group. In contrast, PU/n-HA showed little degra-
dation at 4 weeks, with partial degradation observed at weeks 8 and 12. 
Quantitative analysis also supported the superior performance of 2% 
gastrodin-PU/n-HA in promoting degradation (Fig. 7E), consistent with 
the in vitro results. 

Histological analysis with Masson (Figs. 7F and S10) and H&E 
(Fig. S11) staining was performed to assess the bone tissue regeneration 
patterns within the porous scaffolds from weeks 4–12. Consistent with 
the micro-CT findings, the 2% gastrodin-PU/n-HA group showed 
accelerated defect healing, with continuous bone-like tissue bridging of 
the defects at all time points. At 4 weeks, several fibrous connective 
tissue formation islands (in blue) were observed within the pores of the 

2% gastrodin-PU/n-HA scaffolds (Fig. 7F(c)), while sporadic fibrous 
connective tissue formation islands were observed in the pore structure 
and adjacent to the peripheral regions of the 1% gastrodin-PU/n-HA 
scaffolds (Fig. 7F(b)). In the PU/n-HA group (Fig. 7F(a)), almost no 
tissue formation was found within the porous scaffold. In the 2% 
gastrodin-PU/n-HA group, the bone formation islands grew rapidly and 
gradually replaced the fibrous tissue at 8 weeks (marked as NB, Fig. 7F 
(f)), and then further expanded and interconnected to form a large area 
of bone tissue (mature lamellar bone, yellow dotted line) at 12 weeks 
(Fig. 7F(i)). In addition, the 2% gastrodin-PU/n-HA implants integrated 
tightly with native bone tissue at the defect edges. The bone formation 
islands in the 1% gastrodin-PU/n-HA group proliferated more slowly 
and infiltrated the scaffold pores at 8 weeks, with bone formation 
(woven bone and cancellous bone-like tissue) in the central regions of 
the scaffold at 12 weeks (Fig. 7F(e, h)). In the PU/n-HA group, the 
osteoid tissues grew into the scaffold pores slowly from weeks 8 and 12 

Fig. 6. Histological analysis of host response to gastrodin-PU/n-HA scaffolds following 2-week subcutaneous implantation. (A) Schema of subcutaneous implantation 
of scaffolds. (B, C) Content of IL-1β protein measured by ELISA assay at 3 (B) and 14 (C) days. (D) Immunofluorescence staining of PU/n-HA (a, e), 0.5% gastrodin- 
PU/n-HA (b, f), 1% gastrodin-PU/n-HA (c, g), and 2% gastrodin-PU/n-HA (d, h) at 3 (a–d) and 14 days (e–h). iNOS was used to label M1 macrophages with red 
signals, and Arg-1 was used to label M2 macrophages with green signals. (E, F) Quantitative analysis of (E) Arg-1 (M2) and (F) iNOS (M1) macrophage populations. 
(G) Masson and H&E staining of subcutaneous implanted scaffolds after 14 days. (H) Thickness of fibrous capsules surrounding implants. (I) CD31 staining. (J) 
Images and (K) quantitative analysis of vascular connections from ex vivo experiment to analyze gastrodin effects on HUVECs. S represents scaffolds; Two-way black 
arrows mark span of fibrous capsule at scaffold-tissue interface; White arrows indicate newly formed vessels. Error bars represent standard deviation from mean (n =
3). ***p < 0.001; **p < 0.01; *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 7F(d, g)). 
Immunofluorescence and immunohistochemical staining showed 

significantly higher RUNX2 expression localized in the new bone tissue 
of the gastrodin-PU/n-HA groups at 8 weeks than that in the PU/n-HA 
group (Fig. 7G(a - f)). With time, large amounts of mature bone tissue 

grew into the 2% gastrodin-PU/n-HA scaffold pores and were sur-
rounded by reduced RUNX2 expression at 12 weeks (Fig. 7G(g - l), H). At 
this time point, both the 1% gastrodin-PU/n-HA and PU/n-HA groups 
showed higher RUNX2 staining intensity. RUNX2 plays an essential role 
in maintaining the supply of immature osteoblasts, leading to the 

Fig. 7. In vivo bone regeneration at 4, 8, and 12 weeks after implantation of scaffolds in rat femoral condyle defects. (A) Micro-CT 3D images of new bones. (B) Bone 
volume/Total volume (BV/TV). (C) Trabecular thickness (Tb. Th). (D) 3D images and (E) Volume fraction of residual scaffold in defect areas. (F) Masson staining of 
PU/n-HA (a, d, g), 1% gastrodin-PU/n-HA (b, e, h), and 2% gastrodin-PU/n-HA (c, f, i). (G) Immunofluorescence and immunohistochemical staining of RUNX2 at 8 
(a–f) and 12 weeks (g–l). (H) Quantitative analysis (immunohistochemical optical density within defect) of RUNX2 expression. (I) Immunofluorescence and 
immunohistochemical staining of CD31 at 8 (a–f) and 12 weeks (g–l). (J) Quantitative analysis (immunohistochemical optical density within defect) of CD31 
expression. Green arrows mark “F- fibrous tissue”; Red arrows mark “HB-host bone”; Black arrows mark “NB-new bone”; Yellow dashed lines mark interface between 
HB and NB; Yellow arrows mark newly formed vessels. Error bars represent standard deviation from mean (n = 5). ***p < 0.001; **p < 0.01. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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formation of immature bone that is easily resorbed; however, RUNX2 is 
suppressed for compact bone formation [57]. 

The growth and repair of the skeletal system involves CD31, which 
regulates angiogenesis. Here, expression of CD31 peaked at 8 weeks 
postoperatively (Fig. 7I(a - f)), followed by an increase at 12 weeks, with 
higher expression in the 2% gastrodin-PU/n-HA group than other groups 
throughout the whole study (Fig. 7I(g - l), J). In addition, due to the 
optimized loading of gastrodin, infiltration of blood vessels (yellow ar-
rows) was evident within the new bone tissue, and staining of the vessels 
was intense over time in the 2% gastrodin-PU/n-HA group (Fig. 7I(c, i)). 
However, in the PU/n-HA group, while endothelial cells were positively 
stained, there were fewer blood vessels compared with that in the 2% 
and 1% gastrodin-PU/n-HA groups at later time points (Fig. 7I(g - i)). 
Blood vessel formation facilitates communication among pores, thus 
promoting angiogenesis and osteogenesis. 

4. Discussion 

Recent advances in tailoring biomaterials for directing macrophage 
fate for wound healing applications are encouraging. For regenerating 
bone defects, biomaterials with anti-inflammatory properties are needed 
to promote M2 macrophage polarization and create prohealing immune 
microenvironment [37]. Immunomodulatory biomaterials to efficiently 
synergize traditional therapies hold great promise to break through the 
bottleneck in regenerative process. Macrophages are an integral 
component of bone tissue, and their presence and immune response to 
biomaterials can create a wound healing microenvironment and 
modulate the recruitment of critical cells (such as MSCs) [58]. In addi-
tion to physical, chemical, and dynamic cues, a biomaterial designed to 
target macrophages that incorporates bioactive components capable of 
regulating the local microenvironment to direct the regeneration 
cascade is hailed as a potential strategy to enhance bone construction. 

In the current study, we focused on design strategies of osteoim-
munomodulatory biomaterials from the standpoint of integrated tradi-
tional Chinese herbal medicine and materials science to regulate 
macrophage fate. Research has shown that bioactive gastrodin exhibits 
certain pharmacological activities, including anti-necrotic, anti- 
apoptotic, anti-oxidative, and anti-inflammatory properties [59,60]. 
Our extended experiments revealed the therapeutic effects of gastrodin 
supplementation on osteodifferentiation in a dose-dependent manner. 
At a concentration of 10 μM, gastrodin significantly up-regulated the 
mRNA expression of RUNX2, ALP, and OCN in rBMSCs (Fig. S1), in 
agreement with previous study showing that gastrodin can alleviate 
glucocorticoid-induced osteoporosis in rats by protecting osteoblasts 
[43]. Huang et al. also showed that gastrodin can protect hBMSCs and 
RAW 264.7 cells from oxidative stress, ameliorate trabecular 
micro-architecture, and inhibit osteoclastogenesis in ovariectomized 
rats (OVX) [44]. However, as gastrodin is easily metabolized in vivo, we 
considered that gastrodin combined with PU could achieve sequential 
release of gastrodin, thereby reducing the inflammatory response (i.e., 
TNF-α and IL-1β levels) in RAW 264.7 cells [51]. Thus, we designed a 
gastrodin-delivery composite scaffold and explored its immunomodu-
latory effects on vascular bone regeneration. 

In detail, gastrodin and n-HA were successfully incorporated into PU 
to construct a gastrodin-PU/n-HA composite scaffold (Figs. 1A and S2). 
The prepared composites had a compressive strength exceeding 3 MPa 
(Fig. 1E), although only 2% and 1% gastrodin-PU/n-HA had elastic 
moduli greater than 0.05 GPa (Fig. 1D). These results are equivalent to 
the mechanics of natural cancellous bone (mechanical strength >2 MPa, 
Young’s modulus >0.05 GPa) [61], and thus should provide adequate 
supporting strength. The addition of gastrodin not only increased the 
crosslinking density of the composite scaffolds, thereby improving their 
mechanical properties [62], but also increased their hydrophilicity and 
promoted degradability [51], thus greatly improving functional regu-
lation. Compared with the other gastrodin-PU/n-HA and PU/n-HA 
groups, the 2% gastrodin-PU/n-HA scaffold showed the highest mass 

loss in the PBS (Fig. S5A) and 0.5 M NaOH solutions (Fig. 1F). The higher 
indicator of molecular weight distribution (PDI, Table S4) in 2% 
gastrodin-PU/n-HA was vulnerable to attack, leading to the destruction 
and degradation of molecular structure. The in vivo biodegradability of 
the 2% gastrodin-PU/n-HA scaffold was also markedly enhanced 
(Fig. 7D(c, f, i)), which was beneficial for tissue growth into the defect 
(Fig. 7A(c, f, i)). Concomitantly, the enhanced release of gastrodin 
(Fig. 1G) was an important driver of immune microenvironment regu-
lation conducive to angiogenesis and osteogenesis. 

Accumulating evidence suggests that PU/n-HA hierarchical struc-
tured scaffolds can directly stimulate the osteogenic function of rBMSCs 
in vitro and enhance bone formation in vivo [55]. However, in a bone 
graft implantation situation, rBMSCs and immune cells are involved, and 
macrophages may be one of the first cell types recruited to the implant. 
Therefore, macrophage regulation towards balance is vital for under-
standing the interaction mechanisms of bone implants with the bone 
defect microenvironment [63]. In this study, we provided a new 
perspective that PU/n-HA decorated with anti-inflammatory gastrodin 
can enhance bone regeneration by manipulating the polarization of 
macrophages. Remarkably, the designed gastrodin-PU/n-HA scaffolds 
drove RAW 264.7 macrophages preferentially towards the M2 pheno-
type (Fig. 3B–G). Activated M2 macrophages participate in the clearance 
of debris, suppression of inflammation, and regulation of tissue regen-
eration [64]. Strikingly, compared to the other groups, the RAW 264.7 
cells on the 2% gastrodin-PU/n-HA substrates reduced the expression of 
pro-inflammatory cytokines (i.e., iNOS and TNF-α) but elevated the 
production of anti-inflammatory cytokines (i.e., Arg-1 and CD206) 
(Fig. 3B–G). However, further studies are required to determine if the 
host response to biomaterials can also influence macrophage polariza-
tion. Following implantation with gastrodin-PU/n-HA scaffolds, higher 
numbers of Arg-1 (M2) macrophages were observed in the subcutaneous 
embedded model rats after 3 and 14 days, especially in the 2% 
gastrodin-PU/n-HA group (Fig. 6D(d, h), E). In contrast, M1 macro-
phages were dominant in the PU/n-HA group (Fig. 6D(a, e), F), indic-
ative of a more pro-inflammatory microenvironment. Excessive or 
prolonged inflammatory events can lead to thick fibrous capsule for-
mation and disturbed bone cell differentiation and blood vessel forma-
tion [65–67], thereby vastly delaying bone healing [68]. Our results 
showed that 14 days after subcutaneous implantation, fibrous capsule 
thickness in the gastrodin-PU/n-HA scaffold groups was less than half 
that in the PU/n-HA group (Fig. 6G and H). In addition to the inherent 
anti-inflammatory function of released gastrodin, an increase in the 
hydrophilicity of biomaterial is favorable for cell proliferation [69] and 
M2 polarization, and thus the anti-inflammatory effects of local micro-
environments. On the other hand, higher hydrophobicity of biomaterial 
may induce macrophage polarization to the M1 phenotype by control-
ling fibrinogen adsorption and conformation [70]. Activated M2 mac-
rophages in the 2% gastrodin-PU/n-HA group were therefore beneficial 
to the anti-inflammatory response as they possessed potential immu-
nomodulatory and pro-regenerative properties. 

Crosstalk between immune and bone-forming cells is essential to com-
plete the inflammation stage and initiate new bone formation [25]. There-
fore, we hypothesized that secretome from gastrodin-PU/n-HA-treated 
macrophages may enhance osteodifferentiation of rBMSCs in a 
gastrodin-loading-dependent manner to demonstrate the pro-osteogenic 
roles of these cytokines (i.e., Arg-1 and CD206). In brief, the rBMSCs were 
treated with gastrodin-PU/n-HA/macrophage-conditioned medium or 
PU/n-HA/macrophage-conditioned medium (Fig. 4A). Consistent with 
macrophage polarization, cell migration was accelerated (Fig. 4B and C) and 
the expression levels of osteogenic cytokines, such as BMP-2 and ALP, in the 
rBMSCs (Fig. 4D–I) were up-regulated in the gastrodin-PU/n-HA groups 
compared with the PU/n-HA group, with the 2% 
gastrodin-PU/n-HA-conditioned medium resulting in the highest expression. 
The direct contact experiments between rBMSCs and scaffolds also showed 
that the 2% gastrodin-PU/n-HA stimulated rBMSC osteodifferentiation 
(higher levels of RUNX2, ALP, COL1, Fig. 2D–F). These results could be 
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attributed to the regulation of the immune microenvironment via secretion 
of both anti-inflammatory and osteogenic cytokines. 

Angiogenesis provides sufficient oxygen and nutrients to facilitate 
growth and differentiation and removes waste during the bone regen-
eration process [71]. As gastrodin-loaded PU can augment neo-vessel 
formation after subcutaneous implantation [51], we further investi-
gated the angiogenic effects of macrophage polarization induced by 
gastrodin-PU/n-HA. The HUVECs were first treated with conditioned 
medium from different scaffold-activated macrophages (Fig. 5A). Re-
sults showed that the expression levels of angiogenic cytokines, such as 
VEGF and BFGF, were up-regulated by the 
gastrodin-PU/n-HA/macrophage-conditioned medium compared to the 
PU/n-HA/macrophage-conditioned medium, with the 2% 
gastrodin-PU/n-HA group showing the highest enhancement 
(Fig. 5D–J). When the HUVECs were cultured with tissue samples 
retrieved at day 3 (Fig. 6J and K), more extensive tubular networks were 
observed in the 2% gastrodin-PU/n-HA group compared with the other 
groups. The control showed no apparent vessels. The recruitment 
capability of macrophages strongly contributes to the repair process as 
they release cytokines and growth factors to enhance the function of 
tissue repair cells to regulate the damaged microenvironment [72]. In 
the current study, 2% gastrodin-PU/n-HA induced massive infiltration 
of M2 macrophages into the scaffold after implantation (Fig. 6D(d, h)). 
Macrophage accumulation due to proliferation was also evident in vitro 
in the 1% and 2% gastrodin-PU/n-HA groups at day 3. The macrophage 
population was significantly higher in these groups than in the PU/n-HA 
group (Fig. 3A). Moreover, bioactive molecules secreted by 
M2-polarized macrophages acted in synergy with the released gastrodin 
to promote the regulation of angiogenesis (VEGF and BFGF) (Fig. 5D–J). 
These results indicate that the 2% gastrodin-PU/n-HA-activated mac-
rophages also affect angiogenesis. Biomaterial-regulated angiogenesis 
during tissue regeneration may act via multiple pathways, including 
direct stimulation of endothelial cells and indirect activation of 
macrophages. 

Osteogenesis and angiogenesis are coordinated processes during 
lifelong bone formation. Increasing evidence supports the critical role of 
the immune microenvironment in these processes [73]. As mentioned 
above, the gastrodin-loaded PU/n-HA scaffolds may regulate the in-
flammatory response of macrophages and ultimately affect 
osteo/angio-differentiation. Thus, proper coordination plays a vital role 
in the entire bone repair process [74]. Here, the femoral defect model 
confirmed that 2% gastrodin-PU/n-HA treatment resulted in greater 
bone mass development than 1% gastrodin-PU/n-HA treatment or 
PU/n-HA treatment over a period of 12 weeks (Fig. 7A–C). In addition, 
2% gastrodin-PU/n-HA demonstrated prominent osteointegration 
capability with the host bone, as shown by Masson staining (Fig. 7F). 
Thus, 2% gastrodin-PU/n-HA may be involved in regulating the local 
microenvironment at the early stages of the bone healing process, which 
could initiate rBMSC migration and osteodifferentiation to activate the 
systematic and well-orchestrated progression of downstream events. 
Furthermore, in the 2% gastrodin-PU/n-HA group, mature lamellar 
bone appeared at 12 weeks, RUNX2 expression in immature osteoblasts 
peaked at 8 weeks, and RUNX2 expression in mature osteoblasts 
decreased, indicating effective bone repair (Fig. 7G and H) [57]. Syn-
chronously, many CD31-positive cells were detected in the 2% 
gastrodin-PU/n-HA group (Fig. 7I and J). 

Our study showed that 2% gastrodin-PU/n-HA induced M2 polari-
zation, regulated osteogenic differentiation, promoted HUVEC tube 
formation and angiogenesis, and contributed to bone regeneration in 
response to the local immune microenvironment (Fig. 8). We believe 
that the observed effect on macrophage polarization may be triggered 
and driven by the release of gastrodin, and that gastrodin-PU/n-HA 
mimicry is key to this effect. Thus, 2% gastrodin-PU/n-HA is a poten-
tial candidate for the development of immunomodulatory biomaterials. 
However, further studies are desirable to ascertain how the release of 
gastrodin modulates crucial chemokine/cytokine (i.e., SDF-1, IL-1β, 

Arg-1) secretion for recruited cells, notably macrophages. In addition, 
the underlying mechanism of immune microenvironment-induced bone 
regeneration needs to be clarified. 

5. Conclusion 

With the sustained release of gastrodin, gastrodin-PU/n-HA bio-
materials exhibit good osteoimmunomodulatory properties, which are 
beneficial for the active osteodifferentiation of rBMSCs and angiogenesis 
of HUVECs. Specifically, 2% gastrodin-PU/n-HA induces M2 macro-
phage phenotype polarization and produces an optimal anti- 
inflammatory/immune microenvironment by controlling critical cell 
functions, such as migration, adhesion, and proliferation, consequently 
triggering maximized osteo-/angiogenic capacity. The functionalization 
of PU/n-HA with therapeutic gastrodin appears to modulate the in-
flammatory microenvironment to achieve superior bone regeneration 
outcomes, thus showing considerable potential in bone tissue engi-
neering. Leveraging the roles of gastrodin and PU/n-HA will improve 
our understanding of biomaterial-macrophage interactions, and thus 
accelerate the development of new macrophage-based therapeutics in 
combination with integrated traditional Chinese medicine and bioma-
terial science. 
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