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A B S T R A C T   

Hydrophilic bone morphogenetic protein 2 (BMP2) is easily degraded and difficult to load onto hydrophobic 
carrier materials, which limits the application of polyester materials in bone tissue engineering. Based on 
soybean-lecithin as an adjuvant biosurfactant, we designed a novel cell-free-scaffold of polymer of poly(ε-cap
rolactone) and poly(lactide-co-glycolide)-co-polyetherimide with abundant entrapped and continuously released 
BMP2 for in vivo stem cell-capture and in situ osteogenic induction, avoiding the use of exogenous cells. The 
optimized bioactive osteo-polyester scaffold (BOPSC), i.e. SBMP-10SC, had a high BMP2 entrapment efficiency of 
95.35%. Due to its higher porosity of 83.42%, higher water uptake ratio of 850%, and sustained BMP2 release 
with polymer degradation, BOPSCs were demonstrated to support excellent in vitro capture, proliferation, 
migration and osteogenic differentiation of mouse adipose derived mesenchymal stem cells (mADSCs), and 
performed much better than traditional BMP-10SCs with unmodified BMP2 and single polyester scaffolds 
(10SCs). Furthermore, in vivo capture and migration of stem cells and differentiation into osteoblasts was 
observed in mice implanted with BOPSCs without exogenous cells, which enabled allogeneic bone formation 
with a high bone mineral density and ratios of new bone volume to existing tissue volume after 6 months. The 
BOPSC is an advanced 3D cell-free platform with sustained BMP2 supply for in situ stem cell capture and 
osteoinduction in bone tissue engineering with potential for clinical translation.   

1. Introduction 

Mostly based on ordered incorporation of seed-cells, scaffolds made 
of biomaterials and osteogenic signaling factors, bone tissue engineering 
is one of the most effective methods for regeneration of various bones, 
including weight-bearing bones and non-load-bearing bones [1–3]. The 
use of natural or synthetic scaffolds for bone regeneration has been 
considered as a promising alternative to natural bone grafts [4–9]. 

Due to their excellent spatial plasticity, polyesters were used to 

produce various scaffolds for bone tissue engineering via foaming 
[10–12], 3D-printing [13–15] and spinning [16–18]. The related poly
esters mainly include polylactide (PLA) [10,19–21], poly(ε-capro
lactone) (PCL) [14,22–24], poly(lactide-co-glycolide) (PLGA) [25–28], 
polyhydroxyalkanoates (PHAs) [10,11], and their mixtures [16,17]. 
Scaffolds composed of single polyesters can provide a reasonable 
three-dimensional (3D) space for cell adhesion, proliferation and 
migration, but they do not offer a desirable environment for osteogenic 
induction due to a lack of biologically functional substances [14]. 
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In addition to calcium ions [7], bioactive osteogenic growth factors 
also offer an appropriate microenvironment for the adhesion and cap
ture of stem cells or osteoblasts, leading to osteogenic differentiation 
both in vitro or in vivo [29–32]. Bone morphogenetic protein 2 (BMP2) is 
a typical protein-based growth factor, which is essential for osteogenic 
differentiation of stem cells or osteogenic precursor cells. BMP2 has 
powerful osteoinductive properties, and has accordingly been applied in 
bone regeneration to induce the differentiation of stem cells into oste
oblast. To achieve this, a large number of delivery systems composed of 
different materials have been investigated for the sustainable release of 
BMP2 [33]. Related methods have been widely applied in orthopedics 
and bone regeneration research, in both animal models and clinical 
trials [33,34]. 

Phospholipids, main components of cell membranes, which often 
play a role of intermediary between the water phase and the oil phase 

(organic phase) for applications in drug delivery field [25,32]. Due to 
the disadvantages of easy degradation, high cost and poor dispersion in 
polyesters, the use of untreated BMP2 in combination with polyesters 
was only reported in a limited number of studies [25,35]. In our pre
vious study, we established soybean lecithin-mediated loading of 
nanoporous PLGA microspheres with large amounts of BMP2 for 
controlled release as a novel injectable stem cell carrier for in-situ 
osteogenesis in vivo [25]. Due to the introduction of soybean lecithin 
(SL) as a biosurfactant, the PLGA-based microspheres had a significantly 
higher BMP2 entrapment efficiency (EE) and controlled BMP2 release 
behavior, which resulted in excellent in vitro and in vivo stem cell pro
liferation, differentiation, and matrix mineralization. Traditional tissue 
engineering holds that cells must be seeded onto scaffolds prior to 
transplanting [10,11,14,16,17]. In other words, seeding and trans
plantation of exogenous cells pre-attached on scaffolds are the main 

Fig. 1. Schematic of bioactive osteo-polyester scaffold (BOPSC) as a 3D cell-free platform for in vitro and in vivo stem cell capture and in-situ directed osteoinduction 
in bone tissue regeneration. SL: soybean lecithin; SBMP: SL-BMP2 complexe; PLGA-PEI: Poly(lactide-co-glycolide)-co-polyetherimide; PCL: poly(ε-caprolactone); 
mADSC: mouse adipose derived mesenchymal stem cell. 
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approach. However, due to the change of microenvironment and related 
stress, death and function attenuation of exogenous cells often occur in 
transplants [10]. Consequently, it was also proposed in recent studies 
that the microstructure of cell-free scaffolds with embedded inducers 
can also promote cell migration or capture surrounding cells in situ 
[36–40]. 

Therefore, we exploited a soybean lecithin-mediated bioactive osteo- 
polyester scaffold (BOPSC) composed of a combination of the PCL and 
poly(lactide-co-glycolide)-co-polyetherimide (PLGA-PEI) polyesters for 
repair of non-load-bearing bone (Schematic in Fig. 1), with high 
amounts of entrapped BMP2 for continuous release. These scaffolds 
were employed as a 3D cell-free platform for stem cell-capture and in-situ 
osteogenic induction, both in vitro and in vivo, demonstrating their great 
potential for applications in bone tissue engineering, especially repair of 
non-load-bearing bone. 

2. Materials and methods 

2.1. Reagents 

Poly(lactide-co-glycolide)-co-polyetherimide (PLGA-PEI, Mw = 105 

D, ratio of lactide: glycolide: etherimide = 49:50:1) and poly(ε-capro
lactone) (PCL, Mw = 104 D) were purchased from Jinan Daigang 
Biomaterial Co., Ltd. (Shandong, China). Recombinant human bone 
morphogenetic protein 2 (BMP2) was purchased from R&D Systems 
(Minneapolis, MN, USA). Soybean lecithin (SL) containing 70%–97% 
phosphatidylcholine was purchased from Shanghai Taiwei Pharmaceu
tical Co. Ltd. (Shanghai, China). General reagents such as 1,4-dioxane 
were of analytical grade and were purchased from Sinopharm Chemi
cal Reagent Co., Ltd. (Shanghai, China). 

2.2. Preparation of SL-BMP2 complexes 

The SL-BMP2 Complexe (SBMP) were prepared using a physical self- 
assembly method, as reported in our previous study [25]. Briefly, SL and 
BMP2 at a weight ratio of 5:1 were dissolved in dimethyl sulfoxide 
containing 5% (v/v) acetic acid by slow magnetic stirring at 30 ◦C for 
24 h. Then, the complex was lyophilized for 12 h to remove the solvent. 
The lyophilized SBMP was hermetically sealed and stored at 4 ◦C until 
further use. 

2.3. Determination of the solubility of SBMP 

The solubility of SBMPs was determined by dissolving in ultrapure 
water or dichloromethane, as described previously [25]. Briefly, excess 
SBMPs were added to ultrapure water or dichloromethane in sealed 
glass containers. Then, the containers were gently shaken on an orbital 
shaker at 25 ◦C for 24 h. Subsequently, the samples were centrifuged at 
6000 rpm for 10 min, and the resulting supernatant was removed for 
further analysis. To measure the solubility of SBMPs in ultrapure water, 
the BMP2 concentration was determined using a Quantikine human 
BMP2 ELISA kit (MERCK, Germany). To measure the solubility of SBMPs 
in dichloromethane, the dichloromethane in the collected supernatant 
was evaporated to obtain dry SBMPs, which were then dissolved in ul
trapure water and measured as above. Six parallel measurements were 
performed for each sample. 

2.4. Preparation of scaffolds loaded with BMP2 

Scaffolds with SBMP (SBMP-SC group) were fabricated using a 
modified solid–liquid phase separation method [41]. Briefly, a series of 
PCL and PLGA-PEI mixed materials (weight ratio = 1:1) and 0.06 g 
SBMPs (containing 0.01 g BMP2) were dissolved in 5 ml 1,4-dioxane to 
form a homogeneous solution in 2 h. At a final concentration of BMP2 of 
0.2 w/v%, the content of PCL/PLGA-PEI was 5 w/v%, 10 w/v% and 15 
w/v%, respectively. The solution was poured into a cylindrical glass 

mold of 10 ml, shock-frozen in liquid nitrogen, and then lyophilized for 
1–2 days to form the resulting scaffolds. For control groups, scaffolds 
with BMP2 (named BMP-SC group) and pure scaffolds without BMP2 or 
SL/BMP2 (named SC group) were prepared according to the same pro
cedure with or without BMP2, and different content of PCL/PLGA-PEI, 
respectively. All samples have been cut to discoid scaffolds with a 
diameter of 4 mm and thickness of 2 mm (≈10 mg) for follow-up 
experiments. 

2.5. Preparation of section of the scaffolds 

To observe the internal structure, the scaffolds were sectioned using 
a WEI Frozen Ordered Sectioning Method (WEI FOSM) developed in a 
previous study [10]. The WEI FOSM method allows more convenient 
and rapid sectioning of many samples in 4 steps compared with the 
liquid nitrogen frozen section method and cryostat microtome with 
embedded refrigerant, which produce irregular sections and require a 
time-consuming preparation process. Finally, the internal morphology 
of scaffolds was observed using a scanning electron microscopy (SEM, 
Quanta 200, FEI, Czech) at an accelerated voltage of 15 kV. 

2.6. Characterization of scaffolds 

To measure the water-absorbing capacity and interior space con
nectivity of various scaffolds, the water-uptake-ratio (WUR) was 
measured as described in previous studies [10,11]. After lyophilization 
for 12 h, the dried scaffolds were immersed in ultrapure water at room 
temperature for 72 h. Then, the excess water was removed using a filter 
paper. The water uptake rate of the scaffolds was calculated using the 
formula WUR (%) = (Ww-Wd)/Wd × 100%, where Ww and Wd are the 
wet weight and dry weight of the scaffolds, respectively, and (Ww-Wd) 
is the weight of water taken up by the scaffolds. Each measurement was 
done with 4 parallel samples (n = 4). 

To assess the internal space of various scaffolds, we measured the 
porosity as described in previous studies [10,11]. After lyophilization 
for 12 h, the dried scaffolds were immersed in absolute ethanol at room 
temperature for 10 min. The Porosity of the scaffolds was calculated 
using the formula porosity (%) = (V0–V1)/(Vt-V1) × 100%, where V0 is 
the initial volume of absolute ethanol added to the dried scaffolds, Vt is 
the total volume of the system when the scaffolds are immersed in the 
absolute ethanol, and V1 is the volume of the residual liquid after the 
liquid-impregnated scaffolds are removed. Each measurement was done 
with 4 parallel samples (n = 4). 

Element ratios of carbon (C), oxygen (O), nitrogen (N) and phos
phorus (P) in the scaffolds were examined using an IE250X-Max50 En
ergy-dispersive X-Ray spectroscopy (EDS,Oxford Instruments, UK). 

2.7. BMP2 entrapment efficiency of scaffolds 

The BMP2 entrapment efficiencies (EEs) of different discal scaffolds 
were evaluated based on a published method [25]. Briefly, scaffolds 
were immersed in phosphate buffer saline (PBS) and stirred at 200 rpm 
and 4 ◦C for 30 s. The free BMP2 in the PBS supernatant, which was not 
packaged into scaffolds, was analyzed by using a Quantikine human 
BMP2 ELISA kit (MERCK, Germany). An equal amount of SBMP was 
dissolved in 100 ml PBS, and then subjected to the same procedure. After 
that, the active BMP2 contents were measured using the ELISA kit and 
the phospholipid assay kit, respectively. The entrapment efficiency was 
calculated using the formula EE (%) =(Wt− Wf)/Wt × 100% (3), where 
Wf and Wt are the content of collected free BMP2 and total amount of 
BMP2 during preparation, respectively. Four parallel measurements 
were performed for each sample (n = 4). 

2.8. In vitro BMP2 release from scaffolds 

To analyze the release of BMP2 as described before [7,25], scaffolds 
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of SBMP-SC group and BMP-SC group (≈10 mg) were immersed in 1 ml 
PBS in a 2 ml test tube and incubated on a shaker at 50 rpm and 37 ◦C for 
30 days. The PBS was collected and replaced with a 500 μl fresh release 
medium at the designated time points. The amount of released BMP2 in 
the collected PBS was determined using the Quantikine human BMP2 
ELISA kit (MERCK, Germany). Four parallel measurements were per
formed for each sample (n = 4). 

2.9. In vitro biodegradation of scaffolds 

Similarly to in vitro BMP2 release test, SBMP-SC group and BMP-SC 
group (≈10 mg) were immersed in 10 ml PBS in a 15 ml tube and 
incubated on a shaker at 50 rpm and 37 ◦C for 30 days. The residual 
scaffolds were air-dried at 25 ◦C in 6 h and weighted at the designated 
time points. And degradation rate of all dried scaffolds were calculated 
using the formula Degradation rate (%) = (Wres/Wtot) × 100%, where 
Wres and Wtot are the weight of residual and total scaffolds, respec
tively. Three parallel measurements were performed for each sample 
(n = 3). 

2.10. Distribution of BMP2 in scaffolds 

Based on our previous report [25], scaffolds were fixed with 4% 
paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 
(Invitrogen, USA) for 15 min, and then blocked with 3% bovine serum 
albumin (BSA; Sigma-Aldrich, USA) for 30 min. Then, scaffolds were 
incubated with primary antibody (rabbit anti-human BMP2, Invitrogen, 
USA) at 4 ◦C overnight and incubated in the specified secondary anti
bodies (Alexa488-conjugated rat anti-rabbit, Invitrogen, USA) for 1 h. 
Images were captured and analyzed with a confocal laser scanning mi
croscopy (CLSM, Nikon, A1/N-SIM/N-STORM, Japan). The distribution 
of BMP2 on scaffolds surfaces was showed by a 3D reconstruction image 
from serial sections at the interval of 5 μm. In order to analyze BMP2 
distribution on the section of scaffolds, the sections of scaffolds were 
prepared by scalpel prior to the immunohistochemical staining process 
of BMP2. After staining, the section of scaffolds was imaged by CLSM at 
488 nm. The distribution of BMP2 in middle section of scaffolds was also 
detected via same method. 

2.11. Cultivation of stem cells 

Mouse adipose derived mesenchymal stem cells (mADSCs) were 
obtained from Cyagen Biosciences (China), which were employed to 
study the cell capture, proliferation and differentiation as well as eval
uate the biocompatibility of BOPSCs. The mADSCs cultured in mouse 
adipose-derived mesenchymal stem cell basal medium (BM, SYAGEN, 
China) in a humidified atmosphere comprising 5% carbon dioxide at 
37 ◦C. 

2.12. In vitro capture of stem cells and live/dead cell viability detection 

To evaluate cell capture in only 12 h, 1 × 105 mADSCs were seeded 
onto sterilized discoid scaffolds with a diameter of 4 mm and thickness 
of 2 mm (≈10 mg) in 96-well tissue culture plate (TCP) coated with 
agarose and cultivated in BM for 12 h. The cell capture efficiency was 
calculated using the formula Cell capture efficiency (%) = (Natt/ 
Ntot) × 100%, where Natt and Ntot are the numbers of cells attached to 
BOPSCs and on the TCPs, respectively. Six parallel measurements were 
performed for each sample (n = 6). 

Using Live/Dead Cell Viability Kit (Invitrogen, USA), all scaffolds 
loaded with mADSCs were stained directly with calcein-AM (green 
colour) and ethidium homodimer-1 (red colour) for in-situ distribution 
observation of living and dead cells on scaffolds under CLSM at 488 nm 
and 561 nm. 

2.13. In vitro proliferation and migration of stem cells in scaffolds 

To evaluate cell proliferation, 1 × 105 mADSCs were seeded onto 
sterilized discoid scaffolds with a diameter of 4 mm and thickness of 
2 mm (≈10 mg) in 96-well TCP coated with agarose and cultivated in 
BM for 1 day. Then, the scaffolds seeded with mADSCs were transferred 
to a new 48-well TCP with agarose coating and then cultivated in BM, for 
7 days and 14 days, respectively. The culture medium was replaced with 
1 ml of fresh BM daily. The viability of mADSCs on BOPSC was assessed 
using a CCK-8 assay kit (Dojindo, Japan) [11,25]. Briefly, at the desig
nated time points, the culture medium was removed and 1 ml fresh BM 
containing 0.1 ml CCK-8 solution was added to each sample. The sam
ples were then incubated at 37 ◦C for 2 h. All scaffolds with cells were 
immersed in DMEM (Gibco, USA). Aliquots comprising 200 μl of the 
supernatant were transferred into a 96-well plate, and the absorbance 
was measured at 450 nm using a microplate reader (Multiskan MK3, 
Thermo Lab Systems, Finland). Six parallel measurements were per
formed for each sample (n = 6). 

To assess the cell migration and distribution in different space, 
mADSCs in scaffolds were observed by CLSM and SEM, according to the 
previous method [10,11]. Briefly, scaffolds with cells were fixed using 
4% paraformaldehyde in PBS for 20 min at room temperature. After 
washing three times with PBS, the scaffolds with mADSCs were 
immersed in 0.5% Triton X-100 solution (Invitrogen, USA) for 20 min 
and then washed 3 times with PBS. To stain actin and nuclei, the samples 
were incubated with Phalloidin-Alexa555 (red colour) (Invitrogen, USA) 
for 25 min and then with DAPI (Invitrogen, USA) for 5 min at room 
temperature. For observation of distribution in inner space, the scaffolds 
were cut via WEI Frozen Ordered Sectioning Method (WEI FOSM), after 
above treatments. Finally, the stained cells on scaffolds were observed 
under a confocal laser scanning microscopy (CLSM, Nikon, 
A1/N-SIM/N-STORM, Japan) with an excitation wavelength of 405 nm 
and emission wavelength of 561 nm. 

For SEM observations, scaffolds with cells were fixed with 5% 
glutaraldehyde for 12 h and then dehydrated in a graded series of 
ethanol solutions comprising 30 vol%, 50 vol%, 60 vol%, 70 vol%, 
80 vol%, 90 vol%, 95 vol% and 100 vol%, each for 15 min. The dehy
drated samples were subsequently freeze-dried overnight to remove 
residual ethanol and observed under a SEM at 15 kV. For section, the 
scaffolds were sectioned using a WEI FOSM, after above treatments. 

2.14. In vitro osteogenic differentiation ability of mADSCs on BOPSCs 

To assess the osteogenic differentiation of mADSCs cultured on 
sterilized discoid scaffolds, Alkaline phosphatase (ALP) expression was 
analyzed. Briefly, after 1, 7 and 14 days of culture on scaffolds, the 
culture medium was removed and the scaffolds were washed 3 times 
with PBS to avoid interference from the remaining medium. 200 μl 0.1% 
Triton X-100 was added and incubated for 10 min. Then, the superna
tants were collected, to measure the ALP activity and total protein 
content using ALP activity kit (Shanghai Fusheng Biotechnology 
Development Co., Ltd, Shanghai, China), and protein assay kit (Tiangen, 
Beijing, China), respectively, according to the manufacturer’s in
structions. Three parallel measurements were performed for each sam
ple (n = 3). 

To investigate differentiation and matrix mineralization of mADSCs 
on scaffolds, the expression levels of osteogenic genes at 14 days after 
seeding were estimated by qRT-PCR analysis, as described in a previous 
study [25]. Briefly, the QuantiTect SYBR Green PCR kit (Qiagen, Hilden, 
Germany) was used to measure the levels of six markers in bone repair, 
including runt-related transcription factor 2 (Runx2), osteopontin 
(OPN), collagen-type I (COL-1), osteocalcin (OCN) and bone sialopro
tein (BSP). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 
used as an internal reference gene. The sequences of the primers are 
shown in Table 1. According to the instruction of the PCR Kit, total RNA 
of cells for each scaffold was purified to synthesize the complementary 
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DNA (cDNA). Three parallel measurements were performed for each 
sample. 

2.15. Implantation of BOPSCs, in vivo capture of cells and in situ 
osteoinduction 

Sterilized discoid scaffolds with a diameter of 4 mm and thickness of 
2 mm (≈10 mg) were implanted subcutaneously on the back of 6-week- 
old C57BL/6 male mice (five mice per group). The implanted scaffolds 
were harvested after 6 months and fixed in 4% paraformaldehyde for 
further analysis. All mice were housed in isolated ventilated cages 
(maxima six mice per cage) in the animal facility of Tsinghua University. 
The mice were maintained on a 12/12-hour light/dark cycle, at 
22–26 ◦C with sterile pellet food and water ad libitum. The laboratory 
animal facility was accredited by AAALAC (Association for Assessment 
and Accreditation of Laboratory Animal Care International), and the 
IACUC (Institutional Animal Care and Use Committee) of Tsinghua 
University approved all animal protocols used in this study. 

To describe the migration ability of cells grown into internal space of 
scaffolds after cell-capture in subcutaneous tissues, we defined a 
migration distance (MD), based on observation of H&E staining sections 
of scaffolds in 4 weeks. As shown in Fig. 7a, MD is the length of black line 
(= 0 μm) and red line. The black lines indicate general interface of 
subcutaneous tissue and scaffolds; and the red lines indicate general 
interface of captured cells in scaffolds and blank space of scaffolds. 

2.16. H&E staining, masson’s trichrome staining, and 
immunohistochemical analysis of OCN 

The implanted scaffolds with surrounding tissue were removed, fixed 
with paraformaldehyde, and decalcified in 10 w/v% ethyl
enediaminetetraacetic acid (pH = 7.4) for 1–2 weeks, followed by 
dehydration and paraffin embedding. Sections were cut for H&E stain
ing and Masson’s trichrome staining using the Trichrome Stain (Masson) 
kit (Thermo Fisher Scientific, USA), as described previously [23]. OCN 
expression was evaluated by immunohistochemical analysis, as 
described previously [15]. The sections were blocked with 3% BSA for 
30 min and then incubated with a primary antibody against OCN 
(Thermo Fisher Scientific, USA) at 4 ◦C overnight, followed by a sec
ondary antibody (Thermo Fisher Scientific, USA). Finally, the sections 
were observed under an optical microscope (IX83, Olympus, Japan). 

2.17. Micro-CT analysis 

Micro-CT analysis of implanted scaffolds was performed using a 
Quantum GX micro-CT system (PerkinElmer, USA). The X-ray source 
was set at a node current of 500 mA and 80 kV, with an exposure time of 
4 min for each of the 360◦ rotational steps. Image slices were then 
reconstructed using micro-CT image analysis software (Inveon Research 
Workplace). The 3D reconstruction and volume quantification of the 
implant-derived ectopic bone was performed using standardized 

thresholds. The region of interest was selected, and the lower and upper 
threshold values for bone were set. The bone mineral density (BMD, mg 
cc− 1) and ratios of new bone volume to existing tissue volume (BV/TV, 
%) were calculated by the software. 

2.18. Statistical analysis 

All data were expressed as means ± standard deviations of the 
indicated number of parallel experiments. Statistical comparisons were 
made using Student’s t-test. Differences with p-values <0.05 were 
considered statistically significant. 

3. Results and discussion 

3.1. Morphology and characters of scaffolds 

In our earlier reports [25,32], we developed a physical mixture 
method for soybean lecithin-mediated introduction of growth factors 
into polyesters (SMIGP method), in which hydrophilic BMP2 was firstly 
modified by blending with the biosurfactant soybean lecithin (SL) to 
form hydrophobic SL-BMP2 complexes, named SBMP. Then solid-liquid 
phase separation was used to prepare the bioactive osteo-polyester 
scaffold (BOPSC) of PCL and PLGA-PEI with SBMP for in situ 
cell-capture and osteogenic induction of stem cells (Fig. 1). 

In this study, soybean lecithin-mediated BMP2 polyester scaffolds 
(BOPSCs) are white appearance, which was defined as SBMP-SC group 
(Fig. 2a). As controls, polyester scaffolds with only BMP2 or nothing 
were produced via analogous methods, and were named BMP2 polyester 
scaffolds (BMP-SC group) and pure polyester scaffolds (SC group), 
respectively (appearance and schematic in Fig. 2a). The polyester con
tent of 50% PCL blended with 50% PLGA-PEI in 1,4-dioxane was 5 w/v 
%, 10 w/v% and 15 w/v%, respectively, were named SBMP-5SC, SBMP- 
10SC and SBMP-15SC for SBMP-SC group; BMP-5SC, BMP-10SC and 
BMP-15SC for BMP-SC group; and 5SC, 10SC and 15SC for SC group, 
respectively. 

After freeze-drying, the morphology of polymer scaffolds was 
analyzed by SEM. As shown in Figs. 2a and 2b, the morphology of all 
polyester scaffolds with 10 w/v% and 15 w/v% of polyester had a more 
regular porous structure. However, polyester scaffolds produced using 5 
w/v% of polyester content had an irregular structure in all groups. Low 
concentration of polyester may lead to structure collapse via solid-liquid 
phase separation, which was described in previous study [43]. 

Generally, these scaffolds have an appropriate porous structure and 
microenvironment that promotes adhesion and growth of cells, simu
lating the microstructure and function of natural bone. Too large 
structures are not conducive to cell adhesion, leading to a low cell 
adherence rate in vitro [13,14]. Conversely, too small pores can limit cell 
proliferation, metabolism and even differentiation [11]. With the in
crease of the polyester content in the organic solvent, the mean pore size 
of scaffolds decreased from 50-80 μm to 20–50 μm. Therefore, it is 
necessary to adjust the concentration of biomaterials in organic solvents 
to obtain an appropriate microstructure and internal space of polyester 
scaffolds, as has been widely reported in previous studies [41]. The 
range of inner pore sizes of SBMP-5SC and BMP-5SC was greater than in 
the other preparations. However, introduction of BMP2 or SL with the 
same polyester content of 10 w/v% did not signally disturb the pores 
size of the polyester scaffolds (Fig. 2c). Similar to our previous reports 
[25,32], the properties of polyester microspheres and nanoparticles was 
also not changed by complexes of SL and BMP2, including size, surface 
charge and microstructure. 

As expected, the SBMP-SC group had a high BMP2 entrapment effi
ciency (EE) of 94.6%–97.5%, because SL increased the solubility of 
BMP2 while also protecting it in the organic phase (Table 2). By 
contrast, the EE of the BMP-SC group as only 33.2%–36.5%, approxi
mately 1/3 of the SBMP-SC group. Similar soybean lecithin-mediated 
PLGA microspheres with high BMP2 entrapment efficiency were 

Table 1 
Primer sequences used for gene expression analysis by qRT-PCR in this study.  

Marker Gene Primer sequences 

Forward Reversed 

Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT 
OCN TCTGATGAGACCGTCACTGC AGGTCCTCATCTGTGGCATC 
BSP GAATCCACATGCCTATTGC AGAACCCACTGACCCATT 
Col I CCCAGAGTGGAACAGCGATT ATGAGTTCTTCGCTGGGGTG 
OPN ACCAAAGTGAATGCCGAGAG TCTGTGGTGAGGTTCGAGTG 
GAPDH GACTTCAACAGCAACTCCCAC TCCACCACCCTGTTGCTGTA 

Runx2: runt-related transcription factor 2; OCN: osteocalcin; BSP: bone sialo
protein; COLI: collagen type-1; OPN: osteopontin; and GAPDH: glyceraldehyde 
3-phosphate dehydrogenase. 

M. Rahman et al.                                                                                                                                                                                                                               



Bioactive Materials 6 (2021) 4083–4095

4088

reported in our previous study [25]. 
Due to excellent biosafety and effectiveness, SL, a small amphipathic 

molecule, has been widely explored as surfactant for oil-in-water 
emulsions in pharmaceutic preparation. In SBMP, SL can play a role of 
surfactant to coverage BMP2 with its hydrophilic segment, and its 
opposite hydrophobic segment expose to the outside for resisting to 
organic solvent. It can improve dispersion capacity of BMP2 and protect 
BMP2 in polymer/1,4-dioxane solution, due to amphipathy. 

Subsequently, EDS spectra of the polyester scaffolds were analyzed. 
As shown in Table 2, SBMP-SC group showed the presence of significant 
amounts of nitrogen (1.111%–2.131%), more than BMP-SC group 
(0.321%–0.387%) or SC group (0.001%–0.004%). By contrast, phos
phorus was only found in SBMP-SC group (4.011%–13.522%). These 
results suggest that the SBMP were successfully blended into the SBMP- 
SC group using the SMIGP method. Conversely, only low amounts of 
BMP2 were incorporated into BMP-SC without SL. Moreover, the 

Fig. 2. Characteristic and morphology of various scaffolds. a) Micro-structure schematic of the SBMP-SC with SBMPs (SBMP-SC group), BMP-SC with pure BMP2 
(BMP-SC group) and SC scaffolds (SC group). b) SEM images, c) size of internal pores, d) water uptake ratio (WUR), and e) porosity of various scaffolds. A total of size 
in (c) was measured in random 25 internal pores in (b); and four parallel measurements were evaluated in (d) and (e), *p < 0.05, n.s. = no significant difference. 

Table 2 
Elemental composition of scaffolds according to analysis of EDS spectra.  

Samples Mean EE (%) The ratio of elements (%) 

C O N P Others 

SBMP-5SC 94.58 40.443 54.414 1.111 4.011 0.021 
SBMP-10SC 95.35 38.125 50.633 2.021 9.210 0.012 
SBMP-15SC 97.45 38.247 46.087 2.131 13.522 0.014 
BMP-5SC 33.22 44.112 55.551 0.321 0.000 0.017 
BMP-10SC 33.97 54.714 44.905 0.368 0.000 0.013 
BMP-15SC 36.49 54.343 45.243 0.387 0.012 0.015 
5SC – 44.207 55.790 0.001 0.002 0.000 
10SC – 45.009 54.989 0.002 0.000 0.000 
15SC – 44.862 55.118 0.004 0.001 0.015  
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percentage of P and N in SBMP-SC group both presented a rising ten
dency with the increase of polyester content in the organic solvent, 
which indicated that the polyester proportion could retain more SBMP. 

Tissue engineering usually requires scaffolds with a high porosity 
and reasonable hydrophilicity to provide sufficient internal space for 
cell capture and growth [42–44]. Consequently, porosity is an important 
criterion for estimating a scaffold design. After the introduction of BMP2 
or SL and optimal polyester content, the SBMP-10SCs the showed a 
highest water uptake ratio (WUR) of 850%, more than all other prepa
rations (Fig. 2d). This high WUR was explained in previous research 
[25]. 

Moreover, the SBMP-5SC, SBMP-10SC and SBMP-15SC showed high 
porosities of 83.4%, 83.3% and 82.6%, respectively, which was similar 
to other preparations with the same polyester content (Fig. 2e). There
fore, the blending BMP2 and SL into the polyesters did not change the 
porosity of the polyester scaffolds, but increased their WUR. 

3.2. In vitro BMP2 release and biodegradation of scaffolds 

The in vitro BMP2 release and biodegradation behaviors of the SBMP- 
SC group and BMP-SC group were analyzed, and the cumulative released 
rate curves and released amount of BMP2 are both shown in Fig. 3a and 
b. The SBMP-SC group showed a clear initial burst release phase, with 
15%–35% (≈110 ng/ml BMP2 content) of cumulative release in the first 
day, followed by a slow-release phase driven by the biodegradation of 
the polyesters, with 53.5%–71.0% release from day 2 to day 30. This is a 
typical biphasic behavior for BMP2 release, which provided a sustained 
BMP2 supply for osteogenic differentiation of stem cells on SBMP-SC 
group, as a previous report for BMP2 release behavior from soybean 
lecithin-mediated nanoporous PLGA microspheres demonstrated [25]. 
Moreover, the SBMP-10SCs showed optimal cumulative amount of 
released BMP2 (≈178 ng/ml) in SBMP-SC group, and was 8-fold of that 
of BMP-SC group (≈22 ng/ml). 

Fig. 3. Comparison of in vitro BMP2 
release and biodegradation behaviors of 
various scaffolds in PBS (pH = 7.4) 
supplemented with 0.1% BSA at 37 ◦C 
for 30 days. a) In vitro cumulative 
release rate of BMP2 (%) and b) cumu
lative amount of released BMP2 (ng/ml) 
of SBMP-SC Group and BMP-SC Group 
in 30 days. n = 3. c) Biodegradation rate 
of SBMP-SC group, BMP-SC group and 
SC group, respectively. d) Schematic of 
in vitro controlled slow-release of BMP2 
form SBMP-SC with polymer biodegra
dation, comparison with BMP-SC group.   
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In Fig. 3a and b, the control BMP-SC group without SL also presented 
a fast burst release in the first days, with 54%–55% of cumulative release 
rate and few effective BMP2 (≈3.1 ng/ml). Up to 100% (≈21.5 ng/ml) 
on day 9, released BMP2 of the BMP-SC could not provide a long-term 
signal to effectively facilitate osteogenic differentiation of stem cells 
via degradation of the polyesters. The difference of cumulative BMP2 
release among BMP-5SC, BMP-10SC and BMP-15SC was negligible. 

Similarly, in pre-reports [27], initial burst release of BMP2 from 
SBMP-SC and BMP-SC groups was mainly resulted by unstable 
BMP2-loading on surface of scaffolds. However, continuous 
polymer-degradation promoted a long-term effective supply of BMP2 
from SBMP-SC group, as shown in Fig. 3d. Interestingly, all scaffolds 
remain a slow degradation and have a similar degradation rate of 90%– 
91% on day 30 (Fig. 3c), which explained microstructure and intro
duction of SL or BMP2, cannot change degradation. 

Therefore, due to suitable microstructure, highest WUR and porosity, 
and perfect BMP2-supply with slow biodegradation, the SBMP-10SC was 
the best candidate of bioactive cell-free-scaffolds, which was defined as 
bioactive osteo-polyester scaffolds (BOPSCs) for in-vitro/in-vivo capture 

and directed osteo-induction. And BMP-10SC and 10SC were controls. 

3.3. Distribution of BMP2 in BOPSCs 

To investigate the distribution of BMP2 in different spaces, we 
defined two areas of BOPSCs: surface and section as shown in Fig. 4a and 
b; and activated BMP2 on BOPSCs were immunohistochemically stained 
using an antibody against BMP2. In Fig. 4c, abundant green fluorescence 
fixed on both surface and section of BOPSCs, but few on surface of BMP- 
10SCs and noting for others, which demonstrate that only BMP2 
modified by SL can be distributed into whole scaffold. 

3.4. In vitro capture, proliferation and migration of mADSCs in BOPSCs 

Ideal tissue engineered scaffolds can realize capture, proliferation 
and migration of cells over a longer period. Compared with the pure 
polymer scaffolds (10SCs), BOPSCs and BMP-10SCs showed a higher cell 
capture efficiency of 80%, most likely due to the presence of SL or BMP2 
in PCL/PLGA-PEI (Fig. 4d). Hence, with the introduction of BMP2, the 

Fig. 4. Distribution of BMP2 and cell- 
capture of BOPSCs and control scaf
folds. a) Schematic of immunohisto
chemical staining of BMP2 on BOPSCs. 
b) Photograph of BOPSC with surface 
and section. c) CLSM observation of 
BMP2 distribution on the surface and 
section of BOPSCs and controls. d) Cell 
capture efficiency of mADSCs on surface 
of BOPSCs and control scaffolds after 
only 12 h of seeding. Six parallel mea
surements in (d), **p < 0.01. e) CLSM 
observation of living and dead mADSCs 
on BOPSCs, BMP-10SCs and 10SCs after 
12 h. The red ring indicates aggrega
tions of mADSCs on 10SCs.   
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cells capture efficiency of mADSCs on the polyester scaffold increased, 
which suggest that the loaded and released BMP2 molecules retained 
good bioactivity and were also able to assist the capture of cells disso
ciated in medium to PCL/PLGA-PEI. In previous reports [25,32], carriers 
composed of other polyester materials for the loading and release of 
BMP2, such as 2D films or 3D scaffolds/microspheres, were also found to 
promote the attachment of stem cells on surface, similar to our results. 

In addition, superior design of the microstructure and material 
properties can promote cell growth and metabolic function. Hence, the 
capture of cells dissociative in BM can be changed by adjusting the 
hydrophobicity or other interfacial characteristics of biomaterials. As 
expected, all scaffolds were able to capture mADSCs in only 12 h. 
However, more living mADSCs labeled by calcein-AM (green color) and 
less dead mADSCs labeled by ethidium homodimer-1 (red color) were 
found on surface of BOPSC and BMP-10SCs (Fig. 4e). Furthermore, some 
cell aggregations emerged on 10SCs, which was different from the 
uniform cell distribution on BOPSCs and BMP-10SCs. However, no any 

living or dead cells were found in sections of all scaffolds, which also 
explained mADSCs cannot migrate to inner of spongy scaffolds in only 
12 h in this study, even with assisting of BMP2. 

The in vitro proliferation and migration of mADSCs continuously 
grown in different space of scaffolds was evaluated after 1, 7, and 14 
days (Fig. 5a). As shown in Fig. 5b, the cell viability of BOPSCs and BMP- 
10SCs was better than that of the control 10SCs on day 1 and day 7 
(p < 0.05), which was similar to the results of cell capture. However, on 
day 14, BOPSCs still showed the best cell viability, and BMP-10SCs had 
similar cell viability to 10SCs. In some previous reports, proteins were 
found to promote cell growth during 7–15 days or in longer time due to 
effective parts or functional peptides of proteins, such as RGDs [45,46], 
collagen [47–49], gelatin [50–52], or silk fibroin [53]. As an important 
protein associated with osteogenesis, BMP2 had a similar effect in terms 
of proliferation and ossification [7]. In addition to scaffolds, 
BMP7-loaded nano-scale polyester particles or BMP2-loaded micro-scale 
polyester spheres also affected the cell activity and osteogenesis of 

Fig. 5. Proliferation and migration of 
mADSCs in BOPSCs and control scaf
folds. a) Schematic of capture, prolifer
ation and migration of mADSCs in 
BOPSCs. b) Cell viability of mADSCs on 
BOPSCs, BMP-10SCs and 10SCs, 
respectively, in 14 days. Six parallel 
measurements in (b), *p < 0.05. c) 
CLSM images of mADSCs on surface and 
section of BOPSCs, BMP-10SCs and 
10SCs in 14 days. The white rings indi
cate mADSCs adhering on inner space of 
pores in BOPSCs and controls in (c), 
respectively. d) SEM observation of 
mADSCs on BOPSCs, BMP-10SCs and 
10SCs after 14 days.   
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bone-marrow mesenchymal stem cells [25,32]. 
As shown in Fig. 5c, mADSCs colored with Phalloidin-Alexa555 (red) 

and DAPI (blue) growing on the porous microstructure of the scaffolds. 
In all groups, the amount of cells on surface of scaffolds increased from 
day 1 to day 14. More mADSCs adhered to inner space of pores (indi
cated by white rings in Fig. 5c), comparison with controls. Due to cell- 
proliferation and insufficient growth space, mADSCs chose to down
ward migration into inner of scaffolds [10]. Comparison with 
BMP-10SCs and 10SCs, more mADSCs continuously migrated into inner 
of BOPSCs for 14 day, as evidenced by increasing fluorescence of stained 
cells in sections of BOPSCs. 

By SEM, morphology of mADSCs attached to the inner space of pores 
on surface of BOPSCs (Fig. 5d), similar to the results of CLSM (Fig. 5c). 
Thus, the self-assembly of BMP2 into the polyester appears to have led to 
sustained cell-capture in BOPSCs over a longer period, which could 

promote directional differentiation and tissue regeneration with more 
active stem cells growth. 

3.5. In vitro osteogenic induction of mADSCs on BOPSCs 

In bone tissue engineering and bone regeneration, BMP2 has been 
demonstrated to be effective for osteogenic differentiation of stem cells. 
Thus, we further compared the in-situ osteogenic differentiation capacity 
of BOPSCs and controls after 14 days of incubation (Fig. 6a). As shown in 
Fig. 6b, osteocalcin (OCN), a typical late osteogenic differentiation 
marker, was expressed in mADSCs on BOPSCs at high levels on day 14, 
significantly more than on other scaffolds. ALP activity of mADSCs on 
BOPSCs was also greatly increased compared with BMP-10SC and 10SC, 
reaching up to 9.839 U/mg protein (Fig. 6c). On day 1, ALP activity of 
BMP-10SCs (3354 U/mg protein) was similar to that of BOPSCs (4.210 

Fig. 6. In vitro osteogenic differentia
tion assays of BOPSCs and control scaf
folds. a) Microenvironment schematic of 
in-situ osteogenic induction of mADSCs 
in interior pore of BOPSCs with BMP2- 
release. b) CLSM observation of OCN 
expression and distribution of mADSCs 
in BOPSCs and control scaffolds at day 
15. c) ALP activity assay of mADSCs 
cultured on BOPSCs and control scaf
folds. ALP activity was determined as 
enzyme activity units (U) per milligram 
of protein. d-h), Quantitative PCR anal
ysis of osteogenic gene marker expres
sion in mADSCs cultured on BOPSCs 
and control scaffolds after 7 and 14 
days, respectively, including d) runt- 
related transcription factor 2 (Runx2), 
e) osteopontin (OPN), f) collagen-type I 
(COL-1), g) osteocalcin (OCN), and h) 
bone sialoprotein (BSP). The Y-axis 
represents the relative expression 
(2− ΔCT) normalized to the expression 
level of the housekeeping gene GAPDH. 
Statistically significant difference in c)- 
h), *p < 0.05, **p < 0.01, ***p <
0.005, n.s. = no significant difference, n 
= 3.   

M. Rahman et al.                                                                                                                                                                                                                               



Bioactive Materials 6 (2021) 4083–4095

4093

U/mg protein). However, the ALP activity of BMP-10SCs increased to 
6.294 U/mg protein on day 7 and decreased to 2.978 U/mg protein on 
day 14. As a control, 10SCs without any BMP2 did not show any 
increase. 

Furthermore, five biomarkers of bone repair were analyzed on day 7 
and day 14. Four genes, runt-related transcription factor 2 (Runx2), 
osteopontin (OPN), collagen-type I (COL-1) and osteocalcin (OCN), all 
showed a positive tendency on BOPSCs, and were expressed at markedly 
higher levels than on BMP-10SC or SC on day 7 and day 14 (Fig.s 6d-g). 
At the same time, bone sialoprotein (BSP), a calcification inhibitor, was 
sustainably downregulated in cells on BOPSCs and the final expression 
level was down to only 15.4% of that on BMP-10SCs and 7.3% of that on 
SC (Fig. 6h). Thus, the ALP activity, OCN expression, and gene expres
sion analysis confirmed that BOPSCs had better in vitro cell differentia
tion promoting effect on mADSCs than the other scaffolds. It should be 
noted that PCL/PLGA-PEI scaffolds with sustaining BMP2 release had 
the best promoting effect on the in vitro differentiation of stem cells. 
Continuous BMP2 supply, whether free or from polyester loading, can 
upregulate the expression levels of molecular markers related to the 

bone differentiation, such as Runx2 [54,55], OPN [56,57], COL-1 [58] 
and OCN [59], as well as simultaneously downregulate the expression of 
BSP [60]. 

3.6. In vivo cell-capture on BOPSCs and osteogenic induction for bone 
reconstruction 

In traditional tissue engineering, cells should be seeded in/onto 
biomaterials (scaffolds or carriers) and co-cultured in vitro. After healthy 
growth of the cells in/on the carrier, the carrier with pre-grown cells is 
implanted for in vivo evaluation. In our design, BOPSCs are implanted as 
cell-free-scaffolds, with the aim of capturing stem cells and stimulating 
ossification in situ, avoiding the seeding of exogenous cells and in vitro 
co-culture (Fig. 7a). To evaluate the in vivo capture of cells in subcu
taneous tissue, osteogenic induction and potential repair for non-load- 
bearing bones, BOPSCs and controls (BMP-10SCs and 10SCs) were 
implanted into subcutaneous tissues of C57BL/6 mice for 6 months of 
proliferation and reconstruction. Based on observation of H&E staining 
sections of BOPSCs, BMP-10SCs and 10SCs, we defined a migration 

Fig. 7. In vivo ectopic bone formation of 
BOPSCs as a cell-free-platform. a) 
Schematic of in vivo cells-capture and in- 
situ osteogenic induction of BOPSCs 
accompanied with BMP2-release in 
mice. b) In-vivo cell-capture and 
migration of BOPSCs and control scaf
folds implanted in subcutaneous tissue 
in Week 1 (W1), Week 2 (W2) and Week 
4 (W4), respectively. The black lines 
indicate general interface of subcutane
ous tissue and scaffolds. The red lines 
indicate general interface of captured 
cells in scaffolds and blank space of 
scaffolds. c) H&E, Masson and immu
nohistochemical OCN staining of 
BOPSCs, BMP-10SCs and 10SCs after 
implantation in mice for 6 months. The 
red stars indicate inner space without 
cell growth, and the green arrows indi
cate few OCN expression areas in BMP- 
10SCs. d) Reconstructed 3D micro-CT 
image, e) bone mineral density (BMD), 
and f) ratios of new bone volume to 
existing tissue volume (BV/TV) of 
BOPSCs, BMP-10SCs and 10SCs, 
respectively. Four parallel measure
ments were conducted for each sample 
in (d) and (e). ***p < 0.005.   
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distance (MD) to describe the migration ability of cells grown into in
ternal space of scaffolds after cell-capture in subcutaneous tissues 
(schematic in Fig. 7a). In Fig. 7b, a large number of cells migrated from 
subcutaneous tissues (outer of scaffold) into internal space of scaffolds in 
4 weeks. On account of sustaining BMP2-supply, BOPSCs showed best 
cell migration ability after cell-capture (MD > 600 μm) in 4 weeks; 
however, the MD of control scaffolds in week 4 was only 20%–40% of 
that of BOPSCs in 2 weeks, which explained the active BMP2 could 
improve biocompatibility of single polymer. 

In addition to the migration, abundant captured cells and prolifer
ated tissue occupied the internal blank space of BOPSCs and expressed 
excess collagen (Masson staining) and OCN (Fig. 7c). By contrast, some 
inner space without cell-growth (indicated by red stars in Fig. 7c) was 
found in BMP-10SCs and 10SCs, demonstrating their much weaker cell- 
capture capacity. Furthermore, the regenerated ectopic tissue of controls 
was not as strong as that of BOPSCs (Masson and OCN staining in 
Fig. 7c), even though few OCN-positive areas were observed in BMP- 
10SCs (indicated by green arrow in Fig. 7c). 

Finally, micro-CT showed that the BOPSCs implants had significantly 
higher bone mineral density (BMD) of 3007 mg cc− 1 and ratios of new 
bone volume to existing tissue volume (BV/TV) of 29.9% on month 6 
(Fig. 7d–f), which was similar to that of hMSCs on commercial Bio-Oss 
collagen scaffolds for osteogenic induction, with BV/TV of 40% and 
BMD of 3350 mg cc− 1 [61]. Conversely, scarce calcium deposition was 
found in BMP-10SCs with a BV/TV of only 1.24% and BMD of 80 mg 
cc− 1, which fell to zero in 10SCs. This was consistent with a previous 
report that SL-mediated PLGA microspheres could transport human 
bone mesenchymal stem cells (hBMSCs) as stem cell carriers into mice 
and successfully induce the differentiation of osteoblastic tissue [25]. 
This demonstrated that BOPSC is an effective 3D cell-free scaffold for in 
vivo stem-cell capture and in situ osteogenic induction, due to its sus
tained BMP2-supply. 

4. Conclusions 

To avoid the death and function-loss of exogenous cells after trans
plantation, we designed a novel cell-free scaffold based on biopolyesters 
for in vivo stem-cell capture and in situ osteogenic induction. Due to the 
assistance of SL, BMP2 was efficiently dispersed in the hydrophobic 
polyester material composed of a blend of PCL with PLGA-PEI, resulting 
in abundant and sustainably released BMP2. The optimized bioactive 
osteo-polyester scaffolds (BOPSCs), i.e. SBMP-10SCs, showed dual ad
vantages of reasonable poriferous internal structure and sustained BMP2 
release. BOPSCs led to much better capture, proliferation and osteogenic 
differentiation of mADSCs compared to traditional BMP-SCs with un
modified BMP2 or pure polyester scaffolds in vitro and in vivo. This 
system avoids the implantation of exogenous stem cells or osteoblasts, 
instead relying on the capture of stem cells and differentiation to oste
oblasts on BOPSCs in situ, which successfully promoted allogeneic bone 
formation after 6 months of implantation in mice in vivo. Therefore, 
BOPSCs can autonomously capture stem cells and be applied as an 
advanced cell-free scaffold with sustained BMP2 supply for bone tissue 
engineering in situ. 
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