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A B S T R A C T   

Physiological repair of large-sized bone defects is great challenging in clinic due to a lack of ideal grafts suitable 
for bone regeneration. Decalcified bone matrix (DBM) is considered as an ideal bone regeneration scaffold, but 
low cell seeding efficiency and a poor osteoinductive microenvironment greatly restrict its application in large- 
sized bone regeneration. To address these problems, we proposed a novel strategy of bone regeneration units 
(BRUs) based on microgels produced by photo-crosslinkable and microfluidic techniques, containing both the 
osteogenic ingredient DBM and vascular endothelial growth factor (VEGF) for accurate biomimic of an 
osteoinductive microenvironment. The physicochemical properties of microgels could be precisely controlled 
and the microgels effectively promoted adhesion, proliferation, and osteogenic differentiation of bone marrow 
mesenchymal stem cells (BMSCs) in vitro. BRUs were successfully constructed by seeding BMSCs onto microgels, 
which achieved reliable bone regeneration in vivo. Finally, by integrating the advantages of BRUs in bone 
regeneration and the advantages of DBM scaffolds in 3D morphology and mechanical strength, a BRU-loaded 
DBM framework successfully regenerated bone tissue with the desired 3D morphology and effectively repaired a 
large-sized bone defect of rabbit tibia. The current study developed an ideal bone biomimetic microcarrier and 
provided a novel strategy for bone regeneration and large-sized bone defect repair.   

1. Introduction 

Bone injury is a common disease that remains a serious problem as 
the associated loss of function considerably impairs the quality of pa-
tients’ life [1–3]. In particular, large-sized bone defects caused by 
traumatic injury, degenerative disease, or surgical removal of bone tu-
mors have limited regenerative capacity; thus, the repair of large-sized 

bone defects is a major challenge [4–7]. Currently, bone tissue engi-
neering has emerged as an attractive technique for bone regeneration 
through culturing osteogenic cells on biocompatible scaffolds [8–11]. 
However, there have been no significant clinical breakthroughs in repair 
of large-sized bone defects due to the lack of ideal biomimetic scaffolds 
suitable for osteogenic cell seeding with an appropriate osteoinductive 
microenvironment. Decalcified bone matrix (DBM) has been considered 
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an ideal bone regeneration scaffold owing to the connatural bone 
structure, mineralized components, good biocompatibility, and osteo-
genic activity [12–14]. In fact, DBM scaffolds have been widely used for 
small-sized bone defect repair through activating endogenous bone 
regeneration. Nevertheless, DBM scaffolds are not suitable for repairing 
large-sized bone defects because of the poor cell seeding efficiency 
attributed to relatively large and irregular pore structure, and severe loss 
of osteoinductive components caused by decellularization and decalci-
fication treatments. Additionally, most of the previous studies mainly 
focus on in situ bone defect repair that possess relatively ideal osteogenic 
microenvironment for bone regeneration [15,16]. The ectopic ossifica-
tion in the subcutaneous microenvironment has limited applications 
based on such DBM scaffolds, due to the lack of osteoinductive factors 
for bone regeneration in the ectopic environment, which were much 
harsher than that of in situ bone defects. 

Recently, to enhance cell seeding efficiency on scaffolds of large pore 
size, cell seeding units with certain volume have proven to be a prom-
ising strategy. In previous work, microtissues [17,18] (such as cell pel-
lets and cell sheets) or cell-loaded microcarriers [19–23] (such as 
dextran matrix, hydroxyapatite particles, DBM powders, and polymer 
microparticles) were used for seeding on 3D-printed polymer scaffolds 
to improve cell seeding efficiency. However, these strategies have dif-
ficulties in precisely controlling physicochemical properties of cell 
seeding units or accurately biomimicking an osteogenic microenviron-
ment. By contrast, photo-crosslinkable microgels [24–29] produced by 
microfluidics [30–34] have unique advantages for precise controlla-
bility in size, uniformity, bioactive substance release, mechanical 
strength, and degradation rate of microcarriers. More importantly, by 
means of photo-crosslinkable microgels, the biomimetic osteogenic 
microenvironment is relatively easily created by optionally adding 
bioactive substances into microgels to better regulate the osteogenesis 
and angiogenesis of engineered bone, such as bone morphogenetic 
proteins (BMPs) and vascular endothelial growth factor (VEGF) 
[35–38]. These advantages of photo-crosslinkable microgels are very 
beneficial for solving the key problems of DBM scaffolds in both low 
seeding efficiency of cells and severe damage to the osteoinductive 
microenvironment. To date, there have been no reports using 
photo-crosslinkable microgels with a biomimetic osteogenic 

microenvironment as cell seeding units on DBM scaffolds for large-sized 
bone defect repair. To investigate the feasibility of the above strategy, 
the following problems need to be solved: 1) how to controllably prepare 
photo-crosslinkable microgels with a biomimetic osteogenic microen-
vironment that is suitable for cell loading; 2) whether osteogenic 
microgels could facilitate adhesion, proliferation, and osteoinductive 
differentiation of bone marrow mesenchymal stem cells (BMSCs); 3) 
whether the combination of cell-laden microgels and a DBM scaffold 
could regenerate engineered bone with the desired 3D morphology; and 
4) whether large-sized bone defects could be in situ repaired with re-
generated bone based on a DBM scaffold seeded with cell-laden 
microgels. 

To address the above issues, we developed novel photo-crosslinkable 
microgels based on a microfluidic technique, which contained osteo-
genic DBM powders and the angiogenic growth factor VEGF (see 
Scheme 1). The physicochemical properties of microgels were precisely 
controlled in size, uniformity, bioactive substance release, mechanical 
strength, and degradation rate. Then, bone regeneration units (BRUs) 
were constructed by seeding BMSCs onto photo-crosslinkable microgels, 
followed by in vitro culture. Furthermore, the adhesion, proliferation, 
and osteogenic differentiation of BMSCs on microgels, as well as the 
feasibility of bone regeneration based on BMSC-laden microgels were 
investigated in vitro and in vivo respectively. Finally, the feasibility of 
bone regeneration with the desired 3D morphology as well as its 
application for large-sized bone defect repair in a rabbit tibia model was 
investigated by combining BRUs with a DBM scaffold. 

2. Experimental section 

2.1. Materials and animals 

All materials were purchased from Sigma-Aldrich. Both nude mice 
and New Zealand white rabbits were purchased from Shanghai Jiagan 
Experimental Animal Raising Farm (Shanghai, China). All protocols for 
experiments in animals were approved by the Animal Care and Experi-
mental Committee of Shanghai Jiao Tong University School of Medicine 
(Shanghai, China). 

Scheme 1. Schematic illustration of large-sized bone defect repair by combining a decalcified bone matrix framework and bone regeneration units based on photo- 
crosslinkable osteogenic microgels. DVGH: VEGF/DBM-loaded GelMA/HAMA; BRUs: bone regeneration units. 
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2.2. Preparation of DBM scaffolds 

Fresh pig bone were purchased from a local slaughterhouse, and 
removed the attached soft tissue, central bone marrow and cartilage. 
These bone tissue were cleaned with distilled water, and defatted in 30% 
hydrogen peroxide at 37 ◦C for 48 h, followed by changing the solution 
every 24 h. Then, they were soaked in distilled water, and 0.6 M hy-
drochloric acid was added to partially decalcify at 4 ◦C for 72 h, followed 
by changing the solution every 24 h. After the decalcified process, the 
above samples were soaked in ethanol for 4 h to remove residual 
hydrogen peroxide, and partially deproteinized at room temperature for 
4 h, and cleaned with distilled water. After freeze-drying at − 50 ◦C, 10 
Pa for 24 h, the residual antigenicity of collagen was disinfected and 
removed by 25 KGy radiation, and eventually a partially decalcified 
bone scaffold was obtained. 

2.3. GelMA synthesis 

A total of 10 g of gelatin was dissolved in 500 ml PBS (pH = 7.4) and 
stirred vigorously at a constant speed at 50 ◦C using a magnetic stirrer. 
Methacrylate anhydride (10 ml) was slowly added and allowed to react 
with gelatin for 4 h. After the solution was collected, the portion that did 
not react was removed using 5,500 rpm centrifugation, and the solution 
was dialyzed at 40 ◦C for 1 week using a cut-off membrane (7,000 Da). 
The above solution was frozen and placed in a lyophilizer to freeze dry 
for 24 h to obtain a white product. 1H NMR analysis was performed to 
determine the degree of methacrylation as previously described [39]. 

2.4. HAMA synthesis 

A total of 10 g of hyaluronic acid (340 kDa) was dissolved in 200 ml 
of deionized water. A magnetic stirrer was used for constant stirring at 
room temperature for 3 h and then the solution was put into an ice bath. 
During the process, 40 mL methacrylate anhydride was slowly added at 
a constant rate. Then, 40 mL of 5 M NaOH solution was slowly added, 
and the solution was stirred overnight. After the reaction, the solution 
was collected and the unreacted precipitate was removed using 5,500 
rpm centrifugation. A cut-off membrane (7,000 Da) was used to dialyze 
the solution at 40 ◦C for 3 days. The above solution was frozen and 
placed in a lyophilizer to freeze dry for 24 h to obtain white product. 1H 
NMR analysis was performed to determine the degree of methacrylation 
as previously described [40]. 

2.5. Microgels production 

To produce VDGH microgels, 500 mg GelMA and 100 mg HAMA 
were dissolved in 10 ml PBS solution containing 0.2 μg/ml VEGF, 10 
mg/ml DBM powders (Daqing Biotechnology Co., LTD), and 4 mg/ml 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photo-
initiator. The above solution was dissolved at 40 ◦C for 30 min as the 
dispersed phase (water phase). A total of 5 ml SP 80 was added to 40 ml 
paraffin oil and preheated at 40 ◦C for 10 min as a continuous phase (oil 
phase). Fluids were injected into the microchannels by micro-pumps, 
and the dispersed phase formed single spherical droplets under the 
shear action of the oil phase. A 50 ml centrifuge tube was used to collect 
the spherical droplets. The collected droplets were polymerized into 
stable microspheres after exposure to UV light (365 nm, 20 mW/cm2) for 
30 s. The surfactant on the surface of microspheres was washed with 
hexane and the organic solvent was washed with distilled water. Mi-
crospheres with different diameters can be produced by adjusting the 
flow rates of the water phase and oil phase. We prepared 100 μm, 300 
μm, 500 μm and 700 μm microspheres to optimize the particle size of 
microspheres for cell attachment. The component analysis of XPS 
(ESCALAB MK-II), EDS (QUAN-TAX200 Bruker), and XRD (Philips X0 
Pert Pro) were conducted to confirm the addition of DBM into GelMA/ 
HAMA microgels. 

2.6. Physical characterization of microspheres 

Dynamic rheology experiments were performed on a HAAKE MARS 
III photorheometer with parallel-plate (P20 TiL, 20-mm diameter) ge-
ometry and OmniCure Series 2000 (365 nm, 20 mW/cm2). Time sweep 
oscillatory tests were performed at a 10% strain (CD mode), 1 Hz fre-
quency and a 0.5 mm gap for 180 s. Frequency sweep were oscillatory 
tests performed to evaluate the storage modulus (G′) and loss modulus 
(G′′) of microgels. AFM-assisted nano-indentation was conducted using a 
5 nN force trigger, according to the following parameters: the cantilever 
spring constant K was 110.56 pnnm− 1, and the velocity of the probe was 
2 μms− 1. The elastic modulus of each microgels was determined using 
NanoScope Analysis software, which applied the Hertz contact model to 
the force-displacement curve in the linear region, ranging from 10% to 
20% of the strain. 

2.7. Degradation tests 

For in vitro degradation, 1 mg lyophilized sample was added to 1 ml 
PBS containing 10 U mL− 1 collagenase and 10 U mL− 1 hyaluronidase. 
The initial weight of samples were recoded as W0 in a dry state. The 
microgels were incubated for 1 week in 1.5 mL tubes at 37 ◦C. To ensure 
a constant enzyme concentration, PBS containing collagenase and hy-
aluronidase was replaced daily. The liquid in the tubes was removed 
every 24 h, and samples were washed with deionized water three times. 
After freeze-drying, the weight of samples were recorded as Wt in a dry 
state. For in vivo degradation, 200 μL of wet VDGH microgels were 
injected into nude mice through a 1 ml syringe, and the dry weight was 
recorded as W0. The samples were harvested at 4W, 8W, and 12W, and 
the Wt under wet conditions was weighed and recorded. The remaining 
mass percentages of the samples were calculated at different time points. 
Each group included three parallel samples. 

Degradation ratio =
wt

w0
× 100%  

2.8. Preparation of bone regeneration units 

BMSCs were obtained from bone marrow of adult rabbits, and cells 
from passage two were used in this study. BMSCs were premixed with 
dry microgels at a concentration of 60 mil/mL, placed in a 50 mL 
centrifuge tube and incubated at 37 ◦C for 4 h, so that the cells could 
fully spread on the surface of microgels. After incubating in a 50 mL 
centrifuge tube for 48 h, the cell adherent microgels were collected and 
transferred into petri dishes. Osteogenic differentiation solution (Mes-
enCult™ MSC Basal Medium) was added and cultured in petri dishes for 
another 12 days. The cell-microgel complex were kept in an incubator at 
37 ◦C with 5% CO2, and the culture medium was changed daily to ensure 
sufficient nutrient supply to the cells. 

2.9. Cell viability 

Cell viability was measured at the 1st, 4th, 7th, and 14th days of 
culture, and the survival rate of BMSCs attached to the surface of 
microgels was determined. Cell viability was measured and assessed 
using live/dead staining (calcein-AM/PI) according to the manufac-
turer’s instructions. Live/dead dye solution was prepared by adding 2 μL 
calcein-AM and 3 μL PI to 1 mL PBS. A total of 10 mg cell-microgel 
complex was added to 1 mL of live/dead dye solution to stain the 
cells, which were incubated in the dark at 37 ◦C for 15 min. After im-
aging using fluorescence microscopy, NIH Image J software was used to 
quantitatively analyze the number of living and dead cells, and the cell 
viability was evaluated by calculating the ratio of the number of living 
cells to the total number of cells. 
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2.10. Cell spreading 

To observe cell adhesion on the microspheres at days 1, 7, and 14. F- 
actin and nucleus were separately stained with phyllopeptides and DAPI 
staining. PBS solution was used to rinse three times repeatedly to 
remove the remaining medium in the samples, which were then fixed 
with 4% paraformaldehyde (PFA) for 15 min. After PBS leaching and 
washing, 5 μg/mL of Gobbi cyclic peptide solution was drop diluted and 
incubated for 1 h. After washing with PBS, the specimen was incubated 
in DAPI solution with 1:1,000 dilution for 5 min in darkness, and the 
nucleus was stained. Tablets were sealed with a sealing solution con-
taining an anti-fluorescence quenching agent. Images were then 
observed under a fluorescence microscope and the number of cells was 
measured using NIH Image J software according to the DAPI staining. 

2.11. Cell proliferation 

The proliferation of BMSCs in vitro and in vivo was quantitatively 
determined by DNA (n = 5). The cells were digested overnight in 500 
μg/mL proteinase K solution at 56 ◦C. The Picogreen dsDNA method was 
used to draw a standard curve according to the fluorescence intensity 
and DNA concentration of the DNA samples, and the DNA concentration 
of the samples to be tested was obtained according to the standard curve. 

2.12. Osteogenic differentiation 

To verify the osteogenic differentiation ability of VDGH microgels, 
cell-laden microgels were cultured in osteogenic induction solution 
(MesenCult™ MSC Basal Medium) for 2 weeks. The BMSCs collected on 
day 0 were the same initial state and basically had no significant dif-
ferences of osteogenic gene expression among all groups. After the 1st, 
7th, and 14th days of culture, the expression levels of BMSC genes were 
determined by fluorescence quantitative PCR (n = 5). According to the 
manufacturer’s guidelines, the concentration of the extracted protein 
was measured by the BCA method. After SDS-PAGE electrophoresis, film 
transfer, and target antibody reaction, the Alpha software processing 
system was used to analyze the optical density value of the target band 
(n = 5). 

2.13. VEGF release study in vitro 

A VEGF ELISA kit was used to determine the amount of VEGF in the 
washing solution, and the encapsulation rate (%) of VEGF in VDGH 
microgels was calculated using the equation below. Briefly, the standard 
curve was first determined using the standard samples with a series of 
concentration gradient, and then the release of VEGF weight was 
calculated according to the standard curve. The amount of VEGF actu-
ally encapsulated by microgels was recorded as Mt. The total amount of 
VEGF in the initial batch was recorded as Mo. 

Encapsulation rate of VEGF (%) =
Mt

M0
× 100%  

2.14. Bone regeneration 

Nude mice 4–6 weeks of age weighing about 13 ± 2 g were used in 
the study. Four animals were included in each group. The animals were 
operated on under aseptic conditions after being anesthetized with 10% 
trichloroacetaldehyde hydrate at a dose of 400 mg kg− 1. The collected 
BRUs were subcutaneously injected into nude mice using a 2 ml syringe 
at a dose of 200 μL to form a mound shape. Additionally, BRUs were 
injected into the DBM scaffold to ensure uniform dispersion and no 
outflow. The BRU-DBM scaffolds were subcutaneously implanted in 
nude mice, and pure DBM scaffold was used as the control group. 

2.15. Repair of segmental bone defects 

In strict accordance with the regulations of medical animal experi-
ments, 16 six-month-old New Zealand rabbits with an average body 
weight of 2.5 ± 0.5 kg were divided into BRU-DBM group, cell-free 
VDGH-DBM group, DBM group and blank group. Under strict sterile 
conditions, intravenous anesthesia was performed with tenetamine hy-
drochloride (10 mg kg− 1) and zolazepam hydrochloride (10 mg kg− 1). 
The skin of the rabbit’s right posterior supporting leg was prepared, and 
a 5 cm long longitudinal incision was made at the lateral end of the tibia 
with an iodophor disinfecting cloth. The tibia was cut off with an electric 
saw to form a bone defect 15 mm long. After ensuring good alignment, 
plate fixation was done to remove most of the periosteum tissue in the 
defect area. The carved DBM scaffold was inserted into the defect area 
(the volume of the defect area is about 400 mm3, and the volume of the 
scaffold is about 500 mm3) and fit exactly with the broken end of the 
defect. In the BRU-DBM group, the collected BRUs were injected into the 
DBM scaffold using a 2 ml injector. Finally, the flap covers were closed 
and the skin was sutured to close the cortical window. 

2.16. X-ray and micro CT examinations 

X-ray examination of the operative area was performed immediately 
after the operation. One month and three months after the operation, the 
rabbits were anesthetized, and the operative area was examined by X- 
ray. Three months later, the rabbits were euthanized after an overdose of 
anesthesia. The tibia was removed for micro CT scan and 3D recon-
struction. The index of regenerated bone was calculated as bone volume 
(BV; mm3), bone mass ratio (BV/TV), bone surface area (BS; mm2), and 
the number of bone trabecula (Tb.N). 

2.17. Histological analysis 

Samples were decalcified with 10% ethylenediamine tetraacetic acid 
(EDTA) and immersed in paraformaldehyde. After one month of decal-
cification, the samples were cut from the center along the longitudinal 
axis. The samples were dehydrated with a graded ethanol series and 
embedded in paraffin wax. H&E, Masson, ALP, OCN, CoL1 and CD31 
staining were performed. 

2.18. Statistical analysis 

All data were presented as mean ± standard deviation (s.-d.). Dif-
ferences between the values were evaluated using one-way analysis of 
variance (ANOVA) with p < 0.05 considered statistically significant. 

3. Results 

3.1. Microfluidic fabrication of GelMA/HAMA microgels 

Photo-crosslinkable gelatin and hyaluronic acid hydrogels were 
chosen to prepare microgels because the mixed components could 
mimic extracellular matrix (ECM) composition containing both pro-
teoglycans and glycosaminoglycans [41]. 1H NMR spectra demonstrated 
an 83% substitution degree of methacrylation for 
methacrylate-modified gelatin (GelMA), and a 78% substitution degree 
of methacrylation for methacrylate-modified hyaluronic acid (HAMA) 
(Fig. S1). GelMA/HAMA droplets were first formed through a water in 
oil emulsion approach by a droplet microfluidic device (Fig. 1A–B), and 
then subjected to UV radiation (365 nm, 20 mW/cm2) for 30 s to reach 
complete crosslinking according to the rheological analysis of Gel-
MA/HAMA hydrogels (Fig. S2). After producing microspheres, the re-
sidual oil phase was repeatedly washed, followed by lyophilization into 
dry powders for preservation (Fig. S3). As shown in Fig. 1C, the di-
ameters of the microgel droplets could be adjusted from ~100 μm to 
~700 μm dependent on setting the water phase flow rate (Qw) from ~5 
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μL/min to 50 μL/min when the oil phase flow rate (Qo) was kept con-
stant at 100 μL/min. Scanning electron microscopy (SEM) images 
showed the wrinkled and porous structure on the surface of lyophilized 
microspheres, which is beneficial for cell attachment on the microgel 
surface. In addition, the monodispersity graphs exhibited the 
well-dispersed distribution of all particle sizes, indicating the satisfac-
tory monodisperse property of microgels produced by the microfluidic 
method (Fig. 1D–G). The microscopic atomic force microscopy (AFM) 
results also confirmed that the surface roughness of microgels with 
different particles sizes had no significant difference, and thus all of 
which were suitable for cell loading (Fig. S4). 

3.2. Optimization and characterization of osteogenic VDGH microgels 

To further create an osteogenic microenvironment for GelMA/ 
HAMA microgels, DBM powders and VEGF were chosen as osteogenic 
and angiogenic biomimics, respectively. SEM images showed that DBM 
powders had micron-scale size (~20 μm) and retained bone-specific 
ECM traits [42] (Figs. 2A and S5). Consistent with the construction of 
GelMA/HAMA microgels, the VEGF/DBM-loaded GelMA/HAMA 
(VDGH) microgels were also produced with the above droplet micro-
fluidic method using a hybrid water phase (5%w/v DBM, 10%w/v 

GelMA, 1%w/v HAMA, and 0.2 μg/mL VEGF). As shown in Fig. 2B, 
VDGH microgels could be controlled at 300–400 μm in diameter with 
good monodispersity. Additionally, a uniform distribution of DBM 
powders was clearly observed inside these transparent microspheres, 
and the lyophilized microgels had a typical porous structure on the 
surface as shown in SEM images. The constituent analysis of X-ray 
photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy 
(EDS), and X-ray diffraction (XRD) together revealed the successful 
addition of DBM particles into GelMA/HAMA microgels (Fig. S6). The 
stiffness of microgels evaluated by the macroscopic rheological tests 
demonstrated that the addition of 1% HAMA into 10% GelMA resulted 
in an increase of the elastic modulus, while the 5% DBM powders inside 
the microgels exhibited significantly enhanced mechanical strength 
(Fig. S7). Moreover, AFM tests also demonstrated that the elastic 
modulus was strengthened from 2.36 ± 0.84 kPa (GelMA microgel) to 
14.62 ± 0.79 kPa (GelMA/HAMA microgel). Notably, the DBM-loaded 
microgels displayed heterogeneous mechanical behavior in which the 
region of adjacent DBM powders showed a huge elastic modulus of 
204.77 ± 24.37 kPa, while other gel regions still exhibited a relatively 
low elastic modulus of 18.45 ± 1.74 kPa (Fig. 2C). Enzyme-linked 
immunosorbent assay (ELISA) showed that the encapsulation effi-
ciency of VEGF reached approximately 86% in the GelMA/HAMA 

Fig. 1. Microfluidic fabrication of GelMA/HAMA microgels by photo-crosslinking approach. A) Photograph of the microfluidic device. B) Images of GelMA/ 
HAMA droplets generated through the microfluidic device. C) Photographs and SEM images of GelMA/HAMA microgels of different sizes shown in oil and water 
phases, e.g. 100 μm (i), 300 μm (ii), 500 μm (iii), and 700 μm (iv). D-G) The corresponding particle size distributions of GelMA/HAMA microgels. 
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microgels. VEGF release exhibited a satisfactory tendency with rela-
tively low burst release (about 27%) at 24 h, acceptable early release 
(about 53%) at day 3 and continuous, slow release after day 7 (about 
63%), likely attributed to the ionic interaction between the negatively 
charged GelMA/HAMA backbone (isoelectric point 5.0) and positively 
charged VEGF (isoelectric point 8.5) at a physiological pH value [43] 
(Fig. 2D). In vitro degradation experiments showed that the GelMA/-
HAMA microgels were completely degraded in mixed enzyme solution 
(20 U mL− 1 hyaluronidase and collagenase in D-PBS) at day 7 but not in 
individual enzyme solution (Fig. 2E). In vivo degradation behavior 
demonstrated a gradually decreasing tendency with nearly complete 
degradation after 12 weeks (Fig. 2F). These results indicated that the 
VDGH microgels possessed high mechanical strength, an appropriate 
biodegradation rate, and controllable VEGF release. 

3.3. In vitro biological function evaluation of VDGH microgels 

Biological function of VDGH microgels was evaluated by toxicity, 
adhesion, viability, and proliferation of cells as well as ECM production. 
As shown in Fig. S8, extraction of VDGH microgels did not show obvious 
cytotoxicity but had a proliferative capacity for BMSCs. Cell adhesion 
experiments demonstrated that 300 μm microgels using 60 mil/mL cell 
inoculation density achieved the optimal cell loading efficiency (over 
60%; Fig. 3A–B). Cell counts, live/dead, and phalloidin staining 
demonstrated that BMSCs continuously proliferated from day 1 to day 
14 with high cell viability (Fig. 3C–E). Both phalloidin staining and SEM 
images showed that adherent BMSCs had a spreading morphology with 

abundant ECM deposition to completely cover the surface of whole 
microgels at day 14 (Fig. 3D and F). Collectively, these results demon-
strated that the microgels had satisfactory biological function in terms of 
cell adhesion, proliferation, and ECM production. 

3.4. In vitro osteogenic differentiation of BMSCs on VDGH microgels 

To investigate the effect of the VDGH microenvironment on the 
osteogenic differentiation of BMSCs, BMSC-laden VEGF/DBM-GelMA/ 
HAMA (B-VDGH) microgels were in vitro cultured in an osteogenic 
culture system for 14 days to form bone regeneration units (BRUs) as the 
experimental group, while BMSC-laden DBM-GelMA/HAMA (B-DGH) 
and GelMA/HAMA (B-GH) microgels were the control groups. As 
shown in Fig. 4A–E, the expression levels of bone-related genes (ALP, 
BSP, and OCN) and proteins (ALP, BMP-2, OCN, and VEGF) were 
significantly upregulated in the BRU group compared to the other two 
groups (p < 0.05, n = 4). The expression levels of bone-related genes 
(OCN and RUNX2) and proteins (OCN and VEGF) were also slightly 
upregulated in the B-DGH group compared to the B-GH group (p < 0.05, 
n = 4). These results demonstrated that both DBM and VEGF created 
microenvironments effectively promoted osteogenic differentiation of 
BMSCs while combining VEGF and DBM resulted in the optimal 
osteoinductive microenvironment. 

3.5. In Vivo osteogenic potential of BRUs 

To further evaluate the osteogenic ability of BRUs, in vivo osteogenic 

Fig. 2. Characterization of osteogenic VDGH 
microgels. A) Gross view, low-power (i) and high- 
power (ii) SEM images of DBM. B) Photograph of 
VDGH microgels indicating DBM powders 
dispersed inside the microgels (i). SEM images and 
surface views of VDGH microgels (ii). Red arrows 
represent DBM. C) Young’s modulus of the micro-
gels tested by AFM. The Young’s moduli of VDGH 
(DBM region) were significantly higher than those 
of other microgels (GelMA and GelMA/HAMA), 
and VDGH (Gel region). D) The cumulative release 
of VEGF in VG and VDGH microgels. E) The 
remaining mass ratio in PBS and different enzyme 
solutions showing the in vitro degradation of VDGH 
microgels. F) In vivo degradation evaluation of 
VDGH microgels in the subcutaneous environment 
of nude mice. VG: VEGF-loaded GelMA; VDGH: 
VEGF/DBM-loaded GelMA/HAMA. Statistical sig-
nificance: ***p < 0.001. (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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experiments were conducted by subcutaneously injecting BRUs into the 
nude mice (Fig. 5A). The BRUs could be easily injected through a 16G 
syringe head, demonstrating appropriate injectability for minimally 
invasive delivery (Fig. S9). The implanted samples successfully regen-
erated bone-like tissue with a reddish appearance and obvious ossifi-
cation (based on micro-CT) at both 4 and 8 weeks (Fig. 5B), indicating 
reliable vascularization and new bone formation. Quantitative analysis 

in Young’s modulus, wet weight, volume, volume of new bone (BV), 
ratio of new bone volume to total volume (BV/TV), bone surface area 
(BS), and number of trabeculae (Tb.N) revealed a significant increase 
from 4 weeks to 8 weeks (Figs. 5D–H and S10), implying time-dependent 
bone regeneration and maturation. The DNA content at 8 weeks 
decreased slightly compared to 4 weeks (Fig. 5C), which might be 
related to partial cell apoptosis caused by mineralization during bone 

Fig. 3. Biological functional evaluation of cell- 
laden VDGH microgels in vitro. A) Cell seeding 
efficiencies on VDGH microgels of different particle 
sizes. B) The cell loading efficiency decreased 
significantly when the cell concentration increased 
to 80 mil/mL. C) The cell number (per microgel) 
proliferated on VDGH microgels of different parti-
cle sizes on days 1, 7, and 14. D) Live/Dead staining 
showed the live cells (green) increase over time 
with few dead cells (red). F-actin (green) and DAPI 
(blue) staining showed the cellular morphology and 
a gradual increasing trend during in vitro culture at 
days 1, 4, 7, and 14. E) Cell viability on different 
microgels (GH, DGH, and VDGH) during in vitro 
culture at days 1, 4, 7, and 14. F) SEM images show 
that the cells and extracellular matrix on the surface 
of the VDGH microgels increased after 14 days of in 
vitro culture. GH: GelMA/HAMA microgels; DGH: 
DBM-loaded GelMA/HAMA. Statistical signifi-
cance: **p < 0.01. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 4. In vitro osteogenic differentiation on VDGH microgels. A-D) In vitro osteogenic gene expression (ALP, OCN, RUNX2 and BSP) of BMSCs after culturing on 
VDGH microgels for days 1, 7, and 14. E) Comparison of osteogenic-related proteins (ALP, BMP-2, OCN, and VEGF) cultured on GH microgels, DGH microgels, and 
VDGH microgels by Western blot. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001. 
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maturation. 
Consistent with gross observation and quantitative analysis, histo-

logical examinations further confirmed that the in vitro pre-cultured 
BRUs achieved preliminary bone formation with cancellous bone-like 
structure surrounding the microgels after 4 weeks of subcutaneous in-
jection. The BRUs also successfully regenerated relatively mature bone 
tissue with sufficient bone-specific ECM deposition, typical bone 
trabecular structure and abundant blood vessels infiltration at 8 weeks 
(Figs. 5I and S11), indicating that BRUs are reliable for bone 
regeneration. 

3.6. In Vivo bone regeneration of the BRU-loaded DBM framework 

BRUs were further seeded into the DBM framework to explore the 
feasibility of bone regeneration with the desired 3D morphology. Mi-
croscopy and SEM images showed that DBM scaffolds presented 
millimeter-scaled porous structure (Figs. 6A–B and S12), and were 
exactly suitable for loading of BRUs with relatively uniform diameters of 

about 300 μm (approximately 20–25/mm3; Figs. S13A and B). Addi-
tionally, the loading amount could be adjusted dependent on the 
microgel size of BRUs (such as 100, 300, 500, and 700 μm) in a 
controllable way (Fig. S13C). After 4 and 8 weeks of subcutaneous im-
plantation in vivo, both DBM scaffolds (DBM group) and BRU-loaded 
DBM frameworks (BRU-DBM group) basically maintained their original 
size and shape, but only the BRU-DBM group formed bone-like tissue 
with a reddish appearance and significantly enhanced mechanical 
strength (Fig. S14). Histological examinations further demonstrated that 
new bone formation, evidenced by typical structures of bone lacuna and 
bone trabecula as well as positive expression of bone-related proteins 
ALP and OCN, was only observed in the BRU-DBM group but not in the 
DBM group (Fig. 6C). Furthermore, newly generated bone ECM and 
bone trabecula derived from BRUs tightly integrated with the DBM 
framework to form whole bone tissue. Semi-quantitative analysis of 
vascularization and new bone formation showed that blood vessel 
number and new bone area presented an increasing trend from the B- 
GH-DBM group and B-DGH-DBM group to the BRU-DBM group 

Fig. 5. In Vivo osteogenic potential of BRUs. A) 
Schematic of preparation and injection of BRUs. B) 
Gross observation and corresponding micro-CT 
plain scanning after in vivo implantation for 4 and 
8 weeks. C–H) Quantitative indexes of DNA content 
(C), Young’s modulus (D), wet weight (E), volume 
(F), the volume of new bone (BV, G), and bone 
volume/total volume (BV/TV, H) demonstrate the 
gradual maturation of regenerated bone tissue. I) 
Histological analysis of hematoxylin & eosin (H&E) 
and Masson trichrome (MT) staining show new 
spongy bone structure, and the new bone was 
denser at 8 weeks. Immunohistochemistry staining 
confirmed the specific expression of type I collagen, 
ALP and OCN. Statistical significance: *p < 0.05, 
**p < 0.01, ***p < 0.001. BRUs: bone regeneration 
units; NB: new bone; G: microgels; S: spongy bone; 
C: compact bone; black arrows and the dotted circle 
represent nondegraded microgels.   
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Fig. 6. In Vivo bone regeneration of the BRU- 
loaded DBM framework. A, B) General view and 
subcutaneous implantation of BRU-loaded DBM 
scaffold. C) Gross observation and histological 
staining of H&E, Masson trichrome, and immuno-
histochemistry staining of ALP and OCN after 4 and 
8 weeks of implantation, showing new bone tissue 
was evenly distributed in the scaffold. D) Repre-
sentative immunohistochemistry staining of CD31 
after in vivo implantation for 4 and 8 weeks showed 
more blood vessels grew into the BRU-DBM scaf-
fold. E, F) Quantitative analysis of blood vessel 
number (E) and new bone area (F) using ImageJ 
software. B-GH-DBM: BMSCs-laden GelMA/HAMA 
microgels seeding on DBM scaffold; B-DGH-DBM: 
BMSCs-laden DBM-GelMA/HAMA microgels seed-
ing on DBM scaffold; BRU-DBM: bone regeneration 
unit-loaded DBM scaffold. NB: new bone. DB: DBM 
scaffold. Red arrows represent new blood vessels; 
black arrows represent microgels; blue arrows 
represent porous structure. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 7. Repair of large-sized bone defects based on BRU-loaded DBM framework. A) Preparation of BRU-DBM scaffold (i-ii), and surgical procedures of 
implanting BRU-DBM scaffold (iii-v). B–C) X-ray (B) and micro-CT (C) examinations of regenerated bone tissue after implantation for 0-month, 1-month, and 3- 
months. D) Quantitative indexes of bone volume (BV), bone volume/total volume (BV/TV), bone surface (BS), and number of bone trabecula (Tb. N). 
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(Fig. 6D–F), implying that adding both DBM and VEGF in microgels 
promoted vascularization and bone regeneration. These results 
demonstrated that the combined BRUs and DBM framework was a 
reliable strategy for bone regeneration with the desired 3D morphology. 

3.7. Repair of large-sized bone defects based on BRU-loaded DBM 
framework 

To further verify the clinical potential of the new strategy, the BRU- 
loaded DBM framework (BRU-DBM group), VDGH-loaded DBM 
framework (VDGH-DBM group), and DBM framework (DBM group) 
with prefabricated sizes were used to repair large-sized segmental bone 
defects (15-mm length) in the tibia region of rabbits (Fig. 7A). As shown 
in Fig. 7B–C, after 3 months, both X-ray and micro-CT examinations 
demonstrated that the BRU-DBM group exhibited abundant new bone 
formation in the whole bone defect area with relatively complete and 
continuous bone integration at both edges of the defects, which had 
recovered to normal function of movement and activities. Obvious bone 
regeneration with satisfactory bone integration was also observed in the 
VDGH-DBM group but a visible bone regeneration deficiency remained 
in the central area of the bone defect. Little bone regeneration with 
obvious bone defects were observed in the DBM group and the untreated 
blank group. Quantitative analysis of BV, BV/TV, BS, and Tb.N further 
supported optimal bone regeneration in the BRU-DBM group (Fig. 7D). 
Noticeably, most quantitative indexes in the VDGH-DBM group were 
higher than those in the DBM group and the untreated blank group, 
implying that the biomimetic osteoinductive microenvironment created 
by VDGH microgels also played an important role in bone regeneration. 
The mechanical strength, tested by compression and three-point 
bending experiments, also demonstrated the optimal bone regenera-
tion in the BRU-DBM group, which higher than those of VDGH-DBM, 
DBM and the untreated blank groups (Fig. S15). Additionally, the SEM 
observation and face-scanning EDS analysis showed that the Ca and P 
distribution of BRU-DBM group were superior than those of VDGH- 
DBM, DBM and the untreated blank groups, which were close to native 
bone tissue (Fig. S16). 

Consistent with the above examinations, histological staining of 
cross-sectional samples demonstrated relatively complete and contin-
uous bone formation with mature bone specific ECM (COL1, ALP, and 
OCN) deposition and satisfactory bone integration in the whole bone 
defect area of the BRU-DBM group (Fig. 8). However, obvious fibrous 
tissue formation in the central area of the bone defect and noncontin-
uous bone integration were observed in the VDGH-DBM and DBM 
groups, although visible bone regeneration was found in the unilateral 
area of bone defects in these groups. In the untreated blank group, there 

was an obvious tissue defect remaining in the central area of the bone 
defect. 

The above results all indicated that the combined BRUs and DBM 
framework was a reliable strategy for repair of large-sized bone defects 
and both implanted cells in BRUs and VDGH microgels had important 
roles in bone regeneration and repair. 

4. Discussion 

Currently, bone tissue engineering using autologous cells loaded 
scaffolds has been a promising approach to repair large-sized bone de-
fects. Among all types of scaffolds, DBM is considered ideal for bone 
regeneration owing to the connatural bone structure, mineralized 
components, good biocompatibility, and certain osteogenic activity. 
However, poor cell seeding efficiency and severe loss of osteoinductive 
components result in unsatisfactory bone repair, especially for large- 
sized bone defects. Here, we developed novel photo-crosslinkable 
microgels based on a microfluidic technique, which contained both 
osteogenic ingredient DBM powders and angiogenic growth factor 
VEGF. The photo-crosslinkable microgels not only accurately mimicked 
an osteoinductive microenvironment, but also precisely controlled size, 
uniformity, bioactive substance release, mechanical strength, and 
degradation rate. Importantly, osteogenic microgels effectively pro-
moted adhesion, proliferation, and osteogenic differentiation of BMSCs. 
Furthermore, BMSC-loaded microgels were used to successfully 
construct BRUs by in vitro culture and achieved satisfactory bone 
regeneration in vivo. Finally, bone regeneration with the desired 3D 
morphology as well as its application in large-sized bone defect repair of 
a rabbit tibia model were successfully achieved with a combined BRUs 
and DBM scaffold. Thus, the current work developed a novel bone 
regeneration microcarrier and provides a new strategy for bone regen-
eration and repair of large-sized bone defects. 

The combined BRUs and DBM scaffold framework was the core 
design concept of the current study to achieve large-sized bone regen-
eration. To fabricate BRUs, the controllable preparation of photo- 
crosslinkable microgels with a biomimetic osteogenic microenviron-
ment suitable for cell loading is the first challenge that we faced. To 
overcome this challenge, we developed a novel technical system that 
could precisely control the physicochemical properties of microgels by 
integrating photo-crosslinkable hydrogels and microfluidic technology 
to achieve an accurately biomimetic osteogenic microenvironment by 
adding both osteogenic and angiogenic ingredients. The results 
demonstrated that by adjusting the ratio of water to oil phase flow rate 
(microfluidic parameter) and the composite ratio of photo-crosslinkable 
hydrogels (hydrogel parameter), the physicochemical properties of 

Fig. 8. Histological examinations of specimens obtained from rabbit tibia defects at 3 months post-surgery. The edges of the BRU-DBM group formed 
continuous bone connections compared to the other groups. The VDGH-DBM group exhibited more mature bone and effective bone structure than the DBM group. In 
the blank groups, there were large areas of voids and abundant fibroblasts grew into the centers of defects region. 
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microgels could be precisely controlled in size, uniformity, mechanical 
strength, and degradation rate. For biomimicking an osteogenic micro-
environment, both osteogenic ingredient DBM powders and angiogenic 
growth factor VEGF were added into GelMA/HAMA hydrogels to pre-
pare photo-crosslinkable microgels (VDGH). The results demonstrated 
that bioactive growth factor could be continuously released from VDGH 
microgels, which was mainly achieved by the ionic interaction between 
the negatively charged GelMA/HAMA backbone and positively charged 
VEGF. In this study, the VEGF-containing VDGH microgels not only 
effectively promote the osteogenic differentiation of BMSCs after 14 
days culture in vitro (correlated with Fig. 4A–D), but also possess the 
angiogenic effect on the subcutaneous bone regeneration in vivo 
(correlated with Fig. 6D). 

Whether the osteogenic microgels could be used to construct BRUs 
was the next challenge. To avoid cell damage caused by long-term 
illumination of ultraviolet light and repeated cleaning using toxic 
organic solvents during the process of cell-encapsulated microgel 
preparation as described previously [44,45], we adopted two-step 
methods to construct BRUs: lyophilized microgel preparation followed 
by cell loading on the surface of microgels. Compared to the previous 
cell-encapsulated microgel preparation, the current strategy had the 
following advantages: 1) all the cell damage steps could be finished 
before cell loading and thus effectively improved cell viability; 2) the 
lyophilized treatment facilitated cell adhesion on the surface of micro-
gels; 3) cells could directly obtain sufficient nutrients from the culture 
system without being blocked by gels; and 4) the microgels could be 
prepared in bulk and serve as universal cell loading microcarriers. The 
current results demonstrated that the osteoinductive microgels with 
300 μm diameter showed satisfactory adhesion, survival, proliferation, 
and osteogenic differentiation of BMSCs, indicating the feasibility of 
constructing BRUs by the two-step methods. More importantly, adding 
DBM powders and VEGF (VDGH microgels) efficiently upregulated 
osteogenic differentiation of BMSCs, which was apparently attributed to 
the biomimetic osteoinductive microenvironment. Additionally, the 
expression levels of bone-related genes (such as ALP, BSP, and OCN) in 
the VDGH group were significantly upregulated after in vitro culture. 
Noticeably, the simple addition of DBM powders (without VEGF) in 
microgels did not have a robust osteoinductive role, which might be 
attributed to the encapsulation of DBM powders in microgels that thus 
failed to directly contact BMSCs on the microgel surface. Nevertheless, 
DBM powders still might have a unique function in bone regeneration by 
strengthening the mechanical properties of microgels (Figs. 2C and S2) 
and promoting osteogenesis in vivo by means of osteoinduction, osteo-
conduction, and angiogenesis during the degradation of microgels 
(Fig. 2E–F). To further enhance the osteoinductive function, an osteo-
genic growth factor (such as BMPs) can be added into microgels to 
achieve controllable release similar to VEGF in future studies. 

After in vitro construction, whether BRUs can stably regenerate bone 
tissue in vivo must be determined. According to the results of this study, 
the in vitro pre-cultured BRUs showed preliminary bone formation with 
cancellous bone-like structure surrounding the microgels after 4 weeks 
of subcutaneous injection, and successfully regenerated relatively 
mature bone tissue with a mechanical strength higher (2.7-fold) than 
cancellous bone at 8 weeks, indicating reliable bone regeneration. The 
stable bone regeneration potential of BRUs is likely attributed to the 
following advantages compared to traditional bulk hydrogel scaffolds: 
1) adherent cells on the microgel surface have sufficient opportunity to 
contact bone induction signals and realize the interaction and commu-
nication of cell-cell and cell-ECM contacts, which greatly accelerates 
osteogenic differentiation of BMSCs; 2) the macroporous structure be-
tween these microspheres ensures sufficient nutrient penetration and 
transport; 3) the space between microgels together with the angiogenic 
biomimetic microenvironment (continuous release of VEGF) are bene-
ficial for blood vessel ingrowth and thus further facilitate vasculariza-
tion of regenerated bone tissue; and 4) BRUs have satisfactory 
injectability, providing a potential application in minimally invasive 

injectable bone regeneration. Furthermore, to overcome the 3D 
morphology deficiency of injectable BRUs, a DBM scaffold was adopted 
as a framework to support 3D morphology and mechanical strength of 
BRUs. The current study demonstrated that combining DBM scaffolds 
and BRUs successfully regenerated mature bone tissue with the desired 
3D morphology, sufficient bone-specific ECM deposition, typical bone 
trabecula structure, and abundant angiogenesis. Noticeably, the regen-
erated bone trabecula derived from BRUs satisfactorily integrated with 
the undegraded DBM framework and thus formed whole bone tissue 
with a mechanical strength much higher than DBM scaffolds alone 
(Fig. S9). This novel strategy not only solves the problems of injectable 
BRUs in 3D morphology control and mechanical strength, but also 
overcomes the deficiencies of DBM scaffolds in cell seeding efficiency as 
well as the osteogenic and angiogenic biomimetic microenvironment. 

Finally, whether the combination of DBM scaffold and BRUs could 
repair large-sized bone defects was a very important preclinical 
consideration. The current work demonstrated that cell-free VDGH- 
loaded DBM scaffolds exhibited a repair effect in segmental tibia defects 
(15-mm length), that was, to some extent, better than DBM scaffolds and 
untreated groups (shown certain repair effect referred to previous re-
ports [46–49]). Nevertheless, obvious repair deficiencies were observed 
in integrity, regenerated bone thickness, and bone structure remodeling, 
which might be related to the lack of abundant cells during endogenous 
BMSC homing. In contrast, the implantation of BRU-loaded DBM scaf-
folds successfully repaired bone defects with complete and continuous 
regenerated bone tissue. Furthermore, the regenerated bone tissue 
resulted in a seamless interfacial integration and connection strength 
with the surrounding native tissue, indicating that adding BRUs 
significantly improved the repair effect. Obviously, a satisfactory repair 
effect should be attributed to sufficient cell source and an osteogenic, 
angiogenic biomimetic microenvironment provided by the implanted 
BRUs, as well as the activation of endogenous bone regeneration 
mediated by native BMSC homing as shown in the group of cell-free 
VDGH-loaded DBM scaffolds. 

5. Conclusion 

In summary, the current study developed a novel strategy for large- 
sized bone defect repair with a combined BRUs and DBM framework. 
The photo-crosslinkable microgels with an osteogenic and angiogenic 
biomimetic microenvironment were successfully developed and pre-
cisely controlled by means of a photo-crosslinking method and micro-
fluidic technique. Furthermore, the microgels effectively promoted 
adhesion, proliferation, and osteogenic differentiation of BMSCs in vitro. 
Then, BRUs were successfully constructed by seeding BMSCs onto the 
microgels and achieved reliable in vivo bone regeneration. Finally, the 
combined BRUs and DBM framework successfully regenerated bone 
tissue with the desired 3D morphology and effectively repaired large- 
sized bone defects of rabbit tibia. Although some questions (such as 
larger bone defect repair in a large animal model, preparation of engi-
neered bone with complicated and precise 3D shape, as well as evalu-
ation of biosafety) and mechanism (such as mechanical induction and 
signal transduction of intrabony nerves) [50,51] still need to be inves-
tigated in future, the current study developed an ideal bone biomimetic 
microcarrier and provided a novel strategy for bone regeneration and 
large-sized bone defect repair. 
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