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A B S T R A C T

Bioactive hydrogel materials have great potential for applications in bone tissue engineering. However, fabri-
cation of functional hydrogels that mimic the natural bone extracellular matrix (ECM) remains a challenge, 
because they need to provide mechanical support and embody physiological cues for angiogenesis and osteo-
genesis. Inspired by the features of ECM, we constructed a dual-component composite hydrogel comprising 
interpenetrating polymer networks of gelatin methacryloyl (GelMA) and deoxyribonucleic acid (DNA). Within 
the composite hydrogel, the GelMA network serves as the backbone for mechanical and biological stability, 
whereas the DNA network realizes dynamic capabilities (e.g., stress relaxation), thereby promoting cell prolif-
eration and osteogenic differentiation. Furthermore, functional aptamers (Apt19S and AptV) are readily attached 
to the DNA network to recruit bone marrow mesenchymal stem cells (BMSCs) and achieve sustained release of 
loaded vascular endothelial growth factor towards angiogenesis. Our results showed that the composite hydrogel 
could facilitate the adhesion of BMSCs, promote osteogenic differentiation by activating focal adhesion kinase 
(FAK)/phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/β-Catenin signaling pathway, and eventually 
enhance vascularized bone regeneration. This study shows that the multifunctional composite hydrogel of GelMA 
and DNA can successfully simulate the biological functions of natural bone ECM and has great potential for 
repairing bone defects.

1. Introduction

Bone defects caused by tumor, injuries and other bone diseases can 
lead to severe trauma and dysfunction. The repair of bone defect re-
mains a considerable challenge for surgeons [1]. Although tissue engi-
neering biomaterials have made significant progress in bone healing 
treatments, their therapeutic effect is not ideal [2,3]. Bone healing is a 
complex physiological process that needs the coordinated occurrence of 
angiogenesis and osteogenesis [4,5]. Biomaterials implanted in bone 
defects should provide mechanical support as scaffolds, and imitate the 
natural bone extracellular matrix (ECM) to exert multiple functions [6]. 
Natural bone ECM can attract osteogenic-related cells and improve cell 
migration to bone defect areas [7]. Owing to its mechanical property of 

viscoelasticity, natural bone ECM is dynamic and provides mechanical 
signals to promote cell adhesion, proliferation and osteogenic differen-
tiation [8–10]. Meanwhile, natural bone ECM can store growth factors 
secreted by cells and continuously release factors to promote vascular 
growth to support bone formation [11–13]. Therefore, biomaterials with 
the following characteristics and functions may better simulate natural 
bone ECM: 1) suitable mechanical strength, 2) recruitment of 
osteogenic-related cells, 3) dynamic property of viscoelasticity, 4) sus-
tainable release of factors to promote vascularization.

Hydrogels based on crosslinked polymer chains are highly aqueous 
three-dimensional (3D) network materials [14]. Because of their unique 
water-rich nature and plasticity, hydrogels can be easily implanted in 
different forms of bone defects and have been widely studied and 
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utilized in the field of bone regeneration [15–17]. Compared with 
single-component hydrogels, multi-component composite hydrogels 
have been considered to better mimic ECM features in the complicated 
microenvironment of bone defects [18]. Gelatin methacryloyl (GelMA) 
possesses the advantages of gelatin such as excellent biocompatibility, 
good mechanical characteristics and suitable degradability, and it plays 
the role of mechanical support in the initial stage of bone repair and 
gradually degrades with the growth of new tissues in the later stage 
[19]. However, current research demonstrates that pure GelMA has 
insufficient osteogenic effects, and does not provide a coordinated 
occurrence of vascularization and bone formation [20,21]. Natural bone 
ECM is viscoelastic and exhibits rapid stress relaxation. An increasing 
number of reports have indicated that rapid stress relaxation promotes 
cell growth and differentiation [8,22,23]. As a type of covalent cross-
linking hydrogel, GelMA is robust and elastic, presenting fewer stress 
relaxation properties, which limits cell proliferation and differentiation 
[24]. In addition, unlike natural bone ECM, individual ingredients of 
gelatin are not equipped with the ability to recruit bone marrow 
mesenchymal stem cells (BMSCs). Furthermore, when treated as a drug 
delivery system, GelMA hydrogel poorly incorporates or retains growth 
factors; thus, it exhibits a kinetic phenomenon of “burst release” and 
most of the growth factors are released over the initial period [25,26]. 
The “burst release” phenomenon limits the application of GelMA 
hydrogel in carrying growth factors to promote vascularization during 
bone formation.

Deoxyribonucleic acid (DNA), previously considered a genetic sub-
stance, has evolved into an excellent building block for preparing 
biomedical materials for tissue regeneration [27,28]. As a class of 
peculiar functional short nucleic acid, aptamers can serve as novel 

recognition ligands to bind with their targets with high affinity and 
specificity. With the different tertiary structures, aptamers can recognize 
various kinds of targets, including metal ions, proteins and even cells 
[29,30]. In the field of bone regeneration, aptamers with definite 
recognition have been broadly used. For example, Apt19S was proved to 
label multipotent stem cells such as MSCs. Cell-free scaffold materials 
decorated with Apt19S have been confirmed to recognize and recruit in 
situ BMSCs from bone marrow environment efficiently [31,32]. In order 
to enhance the vascularization during the growth of new bone, scaffold 
materials modified with vascular endothelial growth factor (VEGF) 
aptamers were fabricated to improve VEGF release kinetics and made 
the scaffold a desirable VEGF factor carrier [33,34]. In addition, due to 
its precise and reversible complementary base pair crosslinking, DNA 
has emerged as a popular material for the preparation of smart hydro-
gels [35,36]. Recently, some studies have reported that natural salmon 
DNA can rehybridize to form adaptable hydrogels for bone regeneration, 
by heating and cooling [37,38]. In addition to salmon DNA, Athana-
siadou et al. reported a pure DNA 3D hydrogel that could repair bone 
defects and suggested that artificially designed sequences of DNA 
strands could form DNA self-assembly hydrogels in a simple way [39]. 
These findings inspired us to develop programmable DNA strands armed 
with aptamers to realize multifunctional dynamic hydrogel networks for 
bone tissue engineering. Although several advantages have been 
confirmed, the application of pure DNA hydrogels for bone formation is 
still limited due to insufficient mechanical strength and relatively fast 
degradation [36,40]. Therefore, designed DNA structures can be com-
bined with GelMA to create an ECM-mimicking composite hydrogel.

In this study, we fabricated a composite hydrogel based on GelMA 
and DNA backbone modified with aptamers to restore the multilevel 

Scheme 1. Schematic of the design of the GDSV-VEGF hydrogel with ECM characteristics to promote vascularized bone regeneration.
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synergistic physiological characteristics of natural bone formation 
(Scheme 1). The rich hydrogen bonds formed by the DNA base pairing 
further enhance the mechanical properties of the chemically crosslinked 
GelMA hydrogel, enabling it to provide mechanical support during the 
initial repair period to avoid collapse and unexpected degradation of the 
surrounding host bone structure. In addition, reversible hydrogen bond 
crosslinking plays a role in the viscoelasticity of double-network 
hydrogels to simulate the dynamic properties of the ECM. This is 
beneficial for hydrogel scaffolds for regulating stem cell differentiation 
via mechanical signal transduction. Furthermore, using Apt19S and the 
VEGF aptamer (AptV), the composite hydrogel is equipped with the 
function of recruiting BMSCs as a cell-free scaffold and providing a VEGF 
sustained-release platform for angiogenesis (GelMA/DNA/Apt19S/ 
AptV, denoted as GDSV). Mechanical and structural characterizations 
are performed to probe the physical properties of the GDSV hydrogel. 
We evaluated the performance of the GDSV hydrogel in recruiting 
BMSCs and modulating VEGF release (GelMA/DNA/Apt19S/AptV- 
VEGF, denoted as GDSV-VEGF). Moreover, we evaluated the biological 
behaviors of the BMSCs seeded on the GDSV hydrogel including cell 
adhesion, proliferation and osteogenic differentiation, and detected the 
potential mechanism by which the GDSV hydrogel promotes osteo-
genesis. Furthermore, the GDSV-VEGF hydrogel was implanted into a 
critical-sized rat cranial bone defect model to explore the effects of 
vascularization-coupled bone regeneration. We expect that the com-
posite hydrogel with functionalized DNA backbones will open new av-
enues for biomaterials to promote vascularized bone regeneration.

2. Materials and methods

2.1. Preparation of hydrogels

Based on the previous study [41], we aim to adapt the DNA gel by 
integrating aptamers. All the DNA main strands and aptamers were 
synthesized and verified by Sangon Biotech (Sangon, Shanghai, China). 
Firstly, we separately modified the two aptamers with handles. This 
enabled us to form the hybridized DNA main strands with the respective 
aptamers: TS1-Apt19S and TS2-AptV. By mixing the main strand 
(TS1-h1, 15785.38 g/mol) and aptamer (Apt19S-h1, 19960.98 g/mol) in 
phosphate buffer solution (PBS), and using concentration ratio of 100:1, 
we obtained the base pairing between the handles in TS1-h1 and 
Apt19S-h1 which resulted in the formation of TS1-Apt19S. Similarly, we 
formed TS2-AptV by mixing the main strand (TS2-h2, 15520.12 g/mol) 
with the aptamer (AptV-h2, 12716.27 g/mol), following the same 
method. All DNA components were characterized using a 10 % native 
polyacrylamide gel electrophoresis (PAGE) experiment. The 
DNA/Apt19S/AptV (denoted as DSV) hydrogel was assembled by the 
hybridization of TS1-Apt19S and TS2-AptV at a ratio of 1:1 within 1–2 
min.

The GDSV hydrogel was synthesized using TS1-Apt19S, TS2-AptV, 
and GelMA. GelMA was synthesized by gelatin (type A, Sigma-Aldrich, 
USA) and methacrylic anhydride (Heowns Biochemical Technology 
Company, China) according to a previously described method [42]. 
Briefly, aqueous TS1-Apt19S and TS2-AptV were added to a GelMA so-
lution (10%w/v) containing lithium phenyl-2,4, 
6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich, USA), in a vol-
ume ratio of the components was 1:1:2. Subsequently, the pre-gel was 
photo-polymerized under UV light (405 nm) for 1 min to realize the 
covalent crosslinking of GelMA, and the DNA network was simulta-
neously assembled within the hydrogel. The final concentrations of DNA 
with aptamers and GelMA were 1.5 % and 5 %, respectively. Composite 
hydrogels with single type of aptamer decorated DNA were also fabri-
cated, and termed GelMA/DNA/Apt19S (GDS) and GelMA/DNA/AptV 
(GDV). To obtain growth factor loaded hydrogels, VEGF (# 
BT-VEGF-050, R&D, USA) was added into pre-gel before polymerized 
and the final concentration of VEGF in hydrogel was 1 μg/ml; 
GDSV-VEGF, GelMA/DNA/AptV-VEGF (denoted as GDV-VEGF), 

GelMA/DNA/Apt19S-VEGF (denoted as GDS-VEGF) and GelMA-VEGF 
hydrogels were fabricated. The pure GelMA hydrogel (5 % w/v) 
without DNA was used as a control group.

2.2. Characterization of hydrogels

2.2.1. Fluorescence images of aptamers decorated in the hydrogel
Fluorescent groups were utilized to detect whether two types of 

aptamers were modified in the composite hydrogel. Briefly, Alexa Fluor 
350 and Cy5 (Sangon, Shanghai, China) were covalently attached to 
Apt19S and AptV, respectively. Then, the GDSV hydrogel was fabricated 
using GelMA, TS1-Apt19S-Alexa Fluor 350, and TS2-AptV-Cy5. In 
addition, GDS and GDV hydrogels with a single type of fluorescence 
group labelled aptamer were also fabricated. All the samples were 
observed under a fluorescence microscope (Olympus, Japan).

2.2.2. Morphology
The morphology of the obtained hydrogels was observed using a 

scanning electron microscopy (SEM; HITACHI, Japan) at an operating 
voltage of 5–10 kV, and the porosity, average pore size and distribution 
range of the pore sizes were analyzed by ImageJ (National Institutes of 
Health, USA).

2.2.3. Flourier transform infrared spectroscopy
Different groups of freeze-dried hydrogels were analyzed using a 

Fourier transform infrared (FTIR) spectrometer (FTIR Nicolet iN10, 
Thermo Scientific, USA). The spectra were acquired by averaging 64 
scans with a resolution of 8 cm− 1 in the wavenumber range of 4000-675 
cm− 1.

2.2.4. Characterization of rheology and stress relaxation
Dynamic rheological experiments were conducted using a rheometer 

(Anton Paar, Austria) equipped with a 35 mm diameter plate. Frequency 
sweep tests were performed with frequencies ranging from 0.1 to 10 Hz 
under 1 % strain. The stress relaxation of different hydrogels was 
detected using the rheometer at a constant strain rate of 10 % for 400s.

2.2.5. Elastic modulus
The mechanical properties of the hydrogels were measured using an 

electromechanical tester (ZwickRoell, Germany). For compression tests 
of the hydrogels, the samples were cut into cylinders (4 mm in diameter 
and 5 mm in height) and the crosshead speed was set at 2 mm/min. The 
moduli of the hydrogels were obtained from the initial linear slope of the 
stress-strain curve.

2.2.6. Swelling ratio
Different groups of hydrogels were fabricated at a volume of 1 mL 

and their initial weights were recorded (W0). All samples were then 
immersed in PBS at 37 ◦C, and the weights at different time points after 
immersion were recorded (Wt). The swelling ratios of the hydrogels 
were calculated using the following formula: 

Swelling ratio=
Wt − W0

W0
× 100% 

2.2.7. Hydrogel degradation
Different groups of hydrogels were fabricated at a volume of 1 mL 

and lyophilized, and their initial weights were recorded (W0). All sam-
ples were then immersed in 1 mL PBS solution with collagenase II (1 U/ 
mL, Sigma-Aldrich, USA) at 37 ◦C. At each time point, the remaining 
hydrogel samples were washed with ultrapure water and lyophilized, 
and their weights at different time points were then recorded (Wt). The 
mass remaining ratio of the hydrogels was calculated by the following 
formula: 
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Mass remaining ratio=
Wt

W0
× 100% 

2.2.8. Stability in serum-supplemented medium
By covalently attaching fluorescein amidite (FAM) groups (Sangon, 

Shanghai, China) to the DNA main strands, both DSV and GDSV 
hydrogels could exhibit green fluorescence. All samples were immersed 
in α-MEM (HyClone, USA) supplemented with 10 % fetal bovine serum 
(FBS; GIBCO, USA) and cultured at 37 ◦C, under 5 % CO2. At every set 
time point, the medium was removed and the samples were washed 
three times with PBS. The samples were then observed under a fluo-
rescence microscope, and degradation was evaluated based on the 
remaining fluorescent area of the hydrogels.

2.2.9. In vivo degradation of hydrogels
Twenty male 4-week-old Sprague-Dawley (SD) rats were obtained 

from the Renji Hospital Animal Center (Shanghai, China) to evaluate the 
biodegradation of hydrogels. Briefly, all groups of hydrogels were pre-
pared into cylinders (10 mm in diameter and 3 mm in height), and their 
initial weights were recorded (W0) after lyophilized. Then, hydrogels 
were implanted into the subcutaneous space on the back of rats. Each rat 
was randomly implanted two pieces of hydrogels on both sides of the 
spinal middle line on the back. After 14 and 28 days, the remaining 
hydrogels under the skin were photographed and harvested, and their 
remaining weights were recorded (Wt) after lyophilized. The mass 
remaining ratio of the hydrogels was calculated by the following 
formula: 

Mass remaining ratio=
Wt

W0
× 100% 

2.3. In vitro cell activity

2.3.1. Cell culture
Male 4-week-old SD rats were used to obtain BMSCs, and cells were 

isolated and cultured as previously reported. Briefly, the femurs were 
isolated under a sterile condition, and the bone marrow was flushed out 
and cultured in α-MEM supplemented with 10 % FBS and 1 % penicillin/ 
streptomycin (GIBCO, USA). After 4 days of culture, nonadherent cells 
were removed and fresh media were added. The remaining adherent 
cells were BMSCs and were passaged when they reached 80–90 % 
confluence. BMSCs from passages 2–4 were utilized for the subsequent in 
vitro experiments. Human umbilical vein endothelial cells (HUVECs; 
AllCells, China) were cultured in an endothelial cell medium (ScienCell, 
USA) for experiments on in vitro angiogenesis.

2.3.2. Live/dead staining
Live/dead staining was used to assess cell viability on different 

hydrogels. Briefly, in 48-well plates, 2 × 104 cells were seeded on 
different groups of hydrogels and the group of cells seeded directly in 
plate well was treated as a control. After 3 days of culture, a live/dead 
viability/cytotoxicity assay kit (Beyotime, China) was performed ac-
cording to the manufacturer’s protocol. The staining solution was added 
to each well and incubated for 30 min. A fluorescence microscope was 
used to observe the stained cells.

2.3.3. Cell counting kit-8 assay
A cell counting kit-8 (CCK-8) cell metabolism assay (Beyotime, 

China) was used to estimate the BMSCs proliferation activity on the 
different hydrogels. Briefly, in 48-well plates, 2 × 104 cells were seeded 
on different groups of hydrogels and the group of cells seeded directly in 
plate well was used as a control. After 1, 4 and 7 days of culture, the 
CCK-8 working solution was added to each targeted well and incubated 
at 37 ◦C, under 5 % CO2 for 3 h. The absorbance of soluble formazan was 
measured at 450 nm by a microplate reader (BioTek, Winooski, VT, 
USA). The optical density (OD) values of the experimental, control and 

background groups were recorded as ODE, ODC and ODB, respectively. 
Cell viability (%) was calculated via the following formula: 

Cell viability (%)=
ODE − ODB

ODC − ODB 

2.3.4. BMSCs homing assay
The transwell migration test (Corning Costar, USA) was used to 

evaluate the BMSCs homing ability of the different hydrogels. In short, 1 
× 105 cells cultured in α-MEM supplemented with 10 % FBS and 1 % 
penicillin/streptomycin were seeded in the upper inserts with 8 μm 
apertures, and different hydrogels in the same medium were inoculated 
at the lower chambers. After 24h of co-culture, the upper cells had 
migrated, and the cells beneath the inserts were stained with crystal 
violet. The stained cells were observed under a light microscope 
(Olympus, Japan) and the number of migrated cells was counted.

2.3.5. The release kinetics of VEGF from hydrogels
Different groups of hydrogels (volume: 1 mL) loaded with VEGF at a 

concentration of 1 μg/ml were placed in sterile Eppendorf tubes, and 2 
mL of endothelial cell medium was added. The GDSV hydrogel without 
VEGF was added to the same solution as the control group for the tube 
formation assay. At every set time point, the medium was extracted and 
fresh endothelial cell medium was supplemented. The released VEGF 
was quantitatively analyzed via Human VEGF ELISA kit (R&D, USA). 
The cumulative release percentage of VEGF was calculated according to 
the released VEGF divided by the total amount of VEGF loaded into the 
hydrogels.

2.3.6. Tube formation assay
Growth factor reduced Matrigel (Corning, USA) was added into 48- 

well plates on ice and incubated at 37 ◦C for 30 min to realize gela-
tion. HUVECs were collected and resuspended in different extracted 
media obtained from the release VEGF assay (1, 6, 10 days). Then, 
HUVECs were seeded onto the Matrigel at 1 × 105 cells/well. After in-
cubation at 37 ◦C, under 5 % CO2 for 3 h, the tube formation was 
observed under a light microscope and the total tube lengths, nodes and 
meshes were calculated using ImageJ software.

2.3.7. Alkaline phosphatase activity
In order to detect the alkaline phosphatase (ALP) activity, BMSCs 

were seeded on different hydrogels in an osteogenic differentiation 
medium (Cyagen Biosciences, USA). After 7 days of culture, all groups 
were fixed with 4 % paraformaldehyde for 10 min and washed three 
times with PBS. An ALP staining kit (Beyotime, China) was used to stain 
the cells according to the manufacturer’s protocol. For the ALP quanti-
fication assay, all samples were treated with p-nitrophenyl phosphate 
(p-NPP) (Sigma-Aldrich, USA) at 37 ◦C for 30 min. ALP activity was 
measured using a microplate reader at 405 nm, and the obtained OD 
values were normalized to the total protein concentration of each group 
detected using a protein assay kit (Thermo Fisher Scientific, USA).

2.3.8. Calcium deposition assay
For the calcium deposition assay, all groups were stained with aliz-

arin red S (ARS) solution after 14 days of culture. After observation 
under a light microscope, the stained samples were desorbed by 10 % 
cetylpyridinium chloride (Sigma-Aldrich, USA) and the OD values were 
measured at 562 nm. The quantification of calcium deposition was also 
normalized to the total protein.

2.3.9. Quantitative real-time polymerase chain reaction
The expression of osteogenesis-related genes was evaluated by a 

quantitative real-time polymerase chain reaction (qPCR). Briefly, 
BMSCs were cultured on different hydrogels in an osteogenic differen-
tiation medium, and the total RNA was extracted using Trizol reagent 
(Invitrogen, USA) after 7 days. The total RNA was reverse-transcribed to 
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cDNA via a PrimeScriptfirst strand cDNA synthesis kit (Takara, Japan), 
and the cDNA was mixed with SYBR Green Master Mix (Roche, 
Switzerland). The gene expressions of RUNX family transcription factor 
2 (Runx2), Sp7 transcription factor (Osterix), collagen type 1 (Col1), Alp, 
and osteocalcin (Ocn) were measured by a PCR system (LightCycler 
LC480, Roche, Switzerland). All genes were normalized to the house-
keeping gene β-actin, and the GelMA group was used as a control. The 
primer sequences are listed in Table 1.

2.4. In vivo angiogenesis and osteogenesis assays

2.4.1. Surgical procedure
Male 8-week-old SD rats were used to establish a cranial bone defect 

model according to previously reported protocols. The animal proced-
ures were reviewed and approved by the Institutional Animal Care and 
Use Committee of Renji Hospital, Shanghai Jiao Tong University School 
of Medicine. In order to evaluate the osteogenesis of the hydrogels, 15 
SD rats were anesthetized and two critical-sized defects (diameter of 5.0 
mm) were created on the calvarium of each rat using an electric 
trephine. The different hydrogels were randomly implanted in the 30 
critical-sized defects and divided into five groups: blank control group 
(n = 6), GelMA group (n = 6), GelMA-VEGF group (n = 6), GDSV group 
(n = 6) and GDSV-VEGF group (n = 6). Meanwhile, another 15 SD rats 
were subjected to the same surgical procedure to evaluate the angio-
genesis of the hydrogels.

2.4.2. Sequential fluorescent labeling
Polychrome sequential fluorescent labeling was applied for evalu-

ating dynamic bone mineralization as previously reported [43]. Four 
and six weeks after the operation, the 15 rats used for evaluation of 
osteogenesis were administered an intraperitoneal injection with ARS 
(30 mg/kg, Sigma-Aldrich, USA) and calcein (CA; 20 mg/kg, 
Sigma-Aldrich, USA), respectively.

2.4.3. Micro-CT analysis of new bone formation
Eight weeks after the operation, the 15 rats used for the evaluation of 

osteogenesis were euthanized by overdose of anesthesia. The calvariums 
were collected and fixed in 4 % paraformaldehyde. Referring to a pre-
vious method, all samples were scanned by a micro-CT machine (μCT 80, 
Scanco Medical, Switzerland) at an isometric resolution of 18 μm and 
the morphology of the calvariums was reconstructed. The bone volume/ 
total volume (BV/TV) ratio and bone mineral density (BMD) in the re-
gion of interest (ROI) were analyzed using an accompanying software.

2.4.4. Histological analysis of new bone formation
After micro-CT analysis, all specimens were dehydrated and 

embedded in polymethylmethacrylate (PMMA). The embedded speci-
mens were cut into 150 μm undecalcified sections by a microtome 
(SP1600, Leica, Germany), and then polished to a final thickness of 
approximately 40 μm. Confocal laser scanning microscopy (CLSM; 
Olympus, Janpan) was applied to detect the polychromefluorescent 

labeling. The excitation/emission wavelengths of 543/600− 640 nm and 
488/500− 550 nm were chosen to observe ARS (red) and CA (green), 
respectively. The percentages of the fluorescent area were quantified by 
ImageJ. After detecting the polychromefluorescent labeling, all sections 
were stained with Van Gieson’s (VG) picrofuchsin to observe new bone 
tissue. In addition, other polished sections were put into ethylene glycol 
ethyl ether acetate to remove the embedding agent. After rehydration, 
all sections were stained with Masson’s trichrome for the observation of 
new bone formation. A microscope was used to capture images and the 
percentages of new bone formation were quantified by ImageJ software.

2.4.5. Microfil perfusion and micro-CT analysis of new blood vessels
The 15 rats used for the evaluation of angiogenesis were adminis-

tered a microfil perfusion 8 weeks after the operation. Briefly, after 
anesthesia, the thorax of each rat was exposed. The descending aorta 
was ligated, and a catheter was inserted from the left ventricle to the 
aorta. Subsequently, heparinized saline was perfused to remove blood 
and Microfil (MV-120, Flow Tech, USA) was perfused from the left 
ventricle to the circulatory system. Then, all rats were placed under 
refrigeration at 4 ◦C overnight to ensure polymerization. The calvariums 
were harvested, fixed and decalcified in 10 % EDTA. A micro-CT scan of 
the decalcified calvariums was obtained with a voltage of 40 kV, an 
electric current of 250 mA and an exposure time of 240 ms. Scanning 
was performed at an isotropic resolution of 9 μm, and the new blood 
vessels formed in bone defects were analyzed by the accompanying 
CTVol software.

2.4.6. Immunofluorescence assay of CD31
After the micro-CT analysis for new blood vessels, all decalcified 

samples were embedded in paraffin and cut into 4 μm thickness sections. 
Paraffin sections were co-incubated with a primary antibody of anti- 
CD31 (ab222783, Abcam, UK; 1:100), and then incubated with a 
DyLight594 (ab96885, Abcam, UK; 1:200) as the corresponding sec-
ondary antibody. The sections were then counterstained with DAPI 
(Sigma-Aldrich, USA) and observed under CLSM. The percentages of 
positively stained CD31 areas were analyzed by ImageJ.

2.5. Detecting the mechanism and role of osteogenic differentiation

2.5.1. RNA sequencing
BMSCs on different hydrogels were collected, and the total RNA was 

extracted using Trizol reagent and purified using a NEBNext Poly (A) 
mRNA Magnetic Isolation Module Kit (E7490, NEB, USA). Library 
sequencing was performed using an Illumina NovaSeq 6000 instrument 
according to the manufacturer’s instructions. Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analyses were performed based on the differentially expressed genes 
(DEGs) obtained from RNA sequencing (RNA-seq).

2.5.2. Immunofluorescence assay of cytoskeleton
After the BMSCs were seeded on the different hydrogels for 24 h, the 

samples were fixed in 4 % paraformaldehyde for 20 min and per-
meabilized in 0.1%Triton X-100 for 10 min. After blocking with 3 % 
bovine serum albumin (BSA, Sigma-Aldrich, USA) for 30 min, the 
samples were incubated with Phalloidin-iFluor 488 (Abcam, UK) for 1 h 
to the stain cytoskeleton (F-actin) and counterstain with DAPI for 
another 10 min. All specimens were observed under CLSM and the 
spread areas of F-actin were analyzed by ImageJ.

2.5.3. Western blot analysis
The protein level of the molecular mechanism was analyzed by 

Western blot. Briefly, the total cell protein was collected using a protein 
extraction regent (Beyotime, China) and the concentration was deter-
mined using a protein assay kit. Equal amounts of protein samples were 
separated in sodium dodecyl sulfate and PAGE, and then transferred to 
polyvinylidene fluoride membranes (PVDF, Millipore, USA). After 

Table 1 
List of primer sequences used for qPCR.

Species Gene Primer Sequence (5’→3′)

Rat Runx2 F CTTCGTCAGCGTCCTATCAGTTCC
R TCCATCAGCGTCAACACCATCATTC

Rat Osterix F CTTGGATATGTCCCATCCCTAC
R CAAAGTCAGACGGGTAAGTAGG

Rat Col1 F GGATCGACCCTAACCAAGGC
R GATCGGAACCTTCGCTTCCA

Rat Alp F CACGGCGTCCATGAGCAGAAC
R CAGGCACAGTGGTCAAGGTTGG

Rat Ocn F CTGAGTCTGACAAAGCCTTCAT
R TCCAAGTCCATTGTTGAGGTAG

Rat β-actin F TTCGCCATGGATGACGATATC
R TAGGAGTCCTTCTGACCCATAC
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blocking in 5 % BSA for 1 h, membranes were incubated with primary 
antibodies in 5 % BSA at 4 ◦C overnight. The membranes were then 
incubated with the corresponding secondary antibody (ab205718, 
Abcam, 1:20000) at room temperature for 1 h. The membranes were 

visualized using a molecular imaging system (Bio-Rad, USA) and the 
protein gray values were quantified by ImageJ. The primary antibodies 
of focal adhesion kinase (FAK, ab40794, Abcam, UK; 1:2000), phosphor- 
FAK (p-FAK, ab81298, Abcam, UK; 1:1000), protein kinase B (Akt, 

Fig. 1. Synthesis and characterization of GDSV hydrogel. A) Schematic of the structure of GDSV hydrogel. B) Sequence information of DNA components 
(“handles” sequences are labelled as red letters). C) Native PAGE of DNA components. D) Macroscopic appearance and SEM images of the DSV, GelMA, GDSV, 
GelMA-VEGF, and GDSV-VEGF hydrogels, scale bar = 100 μm. E) FTIR spectra of the DSV, GelMA, GDSV, GelMA-VEGF, and GDSV-VEGF hydrogels. F) Storage 
modulus (G′) and loss modulus (G″) of hydrogels (n = 4). G) Normalized stress relaxation of the DSV, GelMA, GDSV, GelMA-VEGF, and GDSV-VEGF hydrogels (n = 4). 
H) Elastic modulus of hydrogels (n = 4, **p < 0.01). I) Swelling profile of the DSV, GelMA, GDSV, GelMA-VEGF, and GDSV-VEGF hydrogels (n = 4). J) Fluorescence 
images showing FAM labelled DSV and GDSV hydrogels via observation of remaining fluorescent area in serum-supplemented medium, scale bar = 500 μm.
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ab179463, Abcam, UK; 1:10000), phosphor-Akt (p-Akt, ab81283, 
Abcam, UK; 1:8000), β-Catenin (ab32572, Abcam, UK; 1:8000), Runx2 
(ab236639, Abcam, UK; 1:1000) and GAPDH (ab181602, Abcam, UK; 
1:10000) were utilized, and these protein expression were tested in this 
assay.

2.6. Statistical analysis

All the data were presented as the mean ± standard deviation (SD). 
Statistical analyses were performed using a Student’s t-test or one-way 
ANOVA, followed by a post hoc test for multiple comparisons using 
GraphPad software (GraphPad Software, Inc., USA). Statistical differ-
ences were considered to be significant when p < 0.05 or p < 0.01.

3. Results and discussion

3.1. Synthesis and characterization of GDSV hydrogel

In this study, we fabricated a composite hydrogel comprising a 
double network of GelMA and DNA decorated with aptamers to the treat 
bone defects (Fig. 1A). The sequence design of the DNA structure was 
listed and the composition of the DNA was confirmed (Fig. 1B and C). 
The fluorescence images shown in Fig. S1 demonstrated that two types 
of aptamers were successfully modified in the GDSV hydrogel, as it 
exhibited blue and red fluorescence simultaneously. As shown in 
Fig. 1D, the DSV, GelMA, GDSV, GelMA-VEGF, and GDSV-VEGF 
hydrogels were fabricated; and the SEM images revealed the micropo-
rous structures of the hydrogels. The DNA network of DSV was denser 
and had a smaller pore size than GelMA, indicating that GelMA and DSV 
could form hydrogels with different micro morphologies through co-
valent and physical crosslinking, respectively. The GDSV hydrogel 
exhibited combined characteristics with a clear network structure 
similar to that of GelMA and pore size similar to that of DSV. In addition, 
the micro morphologies of GelMA-VEGF and GDSV-VEGF hydrogels 
were similar to that of GelMA and GDSV hydrogels, respectively. The 
pore size and porosity of DSV, GelMA, GDSV, GelMA-VEGF, and GDSV- 
VEGF hydrogels were 71.2 ± 10.88 μm and 46.12 ± 3.58 %, 100.21 ±
11 μm and 60.03 ± 4.85 %, 67.78 ± 7.1 μm and 53.28 ± 3.74 %, 102.3 
± 6.88 μm and 61.31 ± 5.54 %, and 69.06 ± 7.75 μm and 54.79 ± 4.19 
%, respectively (Fig. S2A). In addition, we analyzed the distribution 
range of pore sizes. As shown in Fig. S2B, compared with the DSV group, 
the pore sizes of GDSV and GDSV-VEGF were uniform and the majority 
of diameters were approximately in the range of 65–70 μm, and the pore 
sizes of GelMA and GelMA-VEGF were mostly in the range of 100–110 
μm. Similar to the double network hydrogel showing the composite 
morphology of polyacrylamide (PAM) and DNA under the microscopic 
scale [44], the SEM result indicated that the interpenetrating networks 
of GelMA and DNA was formed in the GDSV hydrogel. The characteristic 
peaks of the hydrogels were determined using FTIR. As shown in Fig. 1E, 
the GelMA, GelMA-VEGF, GDSV, and GDSV-VEGF hydrogels showed the 
characteristic amino peaks (N-H bending, amide II) of gelatin at 
approximately 1540 cm− 1 [45,46]. In contrast to GelMA, DSV showed 
the characteristic DNA peaks of PO2

− asymmetric stretching (1219 cm− 1) 
and ribose C-C stretching (1054 cm− 1) [39], which were also observed in 
the spectra of GDSV and GDSV-VEGF at approximately 1233 and 1059 
cm− 1.

Excellent mechanical properties enable hydrogels to provide both 
physical support during the initial stages of repair and physiological 
cues to induce bone formation. The mechanical properties of each 
hydrogel were examined via a series of tests. Based on the results of the 
frequency sweep test (Fig. 1F), all groups exhibited a plateau appearing 
of the storage modulus (G′), which was significantly higher than the loss 
modulus (G″). These results suggested that all groups showed the typical 
mechanical properties of hydrogel with a relatively complete network 
structure. Interestingly, the G’’/G′ ratios (Loss factor, tanδ) were 
approximately 33 %, 1 %, and 7 % in DSV, GelMA, and GDSV, 

respectively. In addition, loading VEGF did not affect the tanδ of 
hydrogels, and the ratios of GelMA-VEGF and GDSV-VEGF were still 
approximately 1 % and 7 %, respectively. According to previous reports, 
the ratio in natural tissues is approximately 10 %, indicating that the 
GDSV hydrogel possessed similar properties of tanδ to those of natural 
tissues [8,23]. The mechanical environment of natural bone ECM is 
dynamic and exhibits rapid stress relaxation characteristics, which plays 
an essential role in adjusting the biological behavior of cells [8,9]. 
Previous studies have reported that hematoma formation in bone defects 
exhibits rapid stress relaxation, which is necessary for bone healing [6,
10,47]. Physically-crosslinked alginate hydrogels with rapid stress 
relaxation can mimic hematomas and promote new bone formation, 
even without encapsulating seed cells or growth factors [48]. The GDSV 
and GDSV-VEGF hydrogels displayed typical rapid stress relaxation 
behavior, which was considerably different from that of the elastic 
GelMA and GelMA-VEGF hydrogels (Fig. 1G). Recent developments in 
dynamic chemistry have revealed that adaptable hydrogels with rapid 
stress relaxation can be obtained from many non-covalent interactions, 
including electrostatic interactions, hydrophobic interactions, macro-
cyclic host-guest interactions and hydrogen bonds [49,50]. Theoreti-
cally, as a substance rich in hydrogen bonds, DNA is ideal for the 
fabrication of adaptable hydrogels [51]. However, whether DNA based 
hydrogels can perform desirable rapid stress relaxation, which is bene-
ficial for promoting bone formation, remains unclear. Our results sug-
gest that the rapid stress relaxation behavior of GDSV can be attributed 
to the physical crosslinking of the DNA network. In addition, the DSV 
hydrogel completed the stress relaxation process in a shorter time than 
GDSV. The stress relaxation times (T1/2) were approximately 29s and 
100s for DSV and GDSV, respectively. Similar to that of GDSV, the T1/2 
was approximately 98s for GDSV-VEGF. It is known that the degree of 
relaxation of a hydrogel is closely related to its mode of crosslinking. For 
the GDSV hydrogel, the DNA network with physical crosslinking helped 
accelerate stress relaxation, whereas the GelMA network with covalent 
crosslinking limited relaxation to some extent. Interestingly, previous 
studies have reported that the stress relaxation time of fracture hema-
toma and ECM-like hydrogels which could promote osteogenesis was 
about 60–200s [6,48]. The timescale of the stress relaxation of the GDSV 
hydrogel appeared to approach that of the natural fracture hematomas 
and other ECM-like hydrogels which could promote osteogenesis. When 
detecting the mechanical strength of hydrogels (Fig. 1H), GelMA (10.94 
± 1.32 kPa) and GDSV (12.86 ± 1.46 kPa) hydrogel displayed similar 
elastic moduli with no statistically significant difference, which were 
considerably higher than that of DSV (1.01 ± 0.17 kPa). In addition, the 
GelMA-VEGF (10.9 ± 1.41 kPa) and GDSV-VEGF (12.77 ± 1.43 kPa) 
displayed similar elastic moduli to that of GelMA and GDSV, respec-
tively. This result indicated that the pure DNA hydrogel was relatively 
soft and lacked sufficient mechanical strength as a scaffold for bone 
repair.

It has been proven that the double network strategies can not only 
improve the mechanical performance of hydrogels, but also regulate the 
swelling and degradation properties [52,53]. Hence, the swelling 
property was also detected, as shown in Fig. 1I, where the GelMA, 
GelMA-VEGF, GDSV, and GDSV-VEGF hydrogels reached the equilib-
rium swelling state after immersion in PBS for approximately 12 h, and 
DSV reached the equilibrium state after approximately 8 h. The swelling 
ratios at 48 h were 13.86 ± 1.35 %, 37.53 ± 1.79 %, 39.66 ± 1.61 %, 
22.48 ± 1.52 %, and 24.23 ± 1.56 % in DSV, GelMA, GelMA-VEGF, 
GDSV, and GDSV-VEGF, respectively. In order to evaluate the degra-
dation behavior of the hydrogels, the DSV, GelMA, GelMA-VEGF, GDSV, 
and GDSV-VEGF hydrogels were cultured in a collagenase II solution. As 
shown in Fig. S3, both the GelMA and GelMA-VEGF hydrogels were 
completely degraded after 24 h, whereas the degradation of the GDSV 
and GDSV-VEGF hydrogels were retarded, and the hydrogels remained 
in the solution for a longer period. The retarded degradation perfor-
mance of the GDSV and GDSV-VEGF hydrogels was attributed to the 
more compact structure of the double network and insensitivity of the 
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DNA macromolecules to collagenase II. In contrast to GelMA, pure DNA 
hydrogels are susceptible to unintentional degradation in a 
serum-supplemented medium owing to the common inclusion of 
deoxyribonuclease I [51]. Hence, the stability of the hydrogels with the 
DNA network was tested in α-MEM supplemented with 10 % FBS. Using 
fluorescence group labelled DNA strands, the degradation of the DSV 
and GDSV hydrogels was clearly monitored under a fluorescence mi-
croscope. As shown in Fig. 1J, by observing the remaining fluorescent 
area of hydrogels, we found that DSV began to degrade after immersion 
in the serum-supplemented medium for approximately 3 days and 
completely degraded after 14 days. However, GDSV exhibited no 
perceptible degradation after 14 days of immersion from the observation 
of stable fluorescent area. Furthermore, after subcutaneous implantation 
into the back of rats, the hydrogels also exhibited different biodegra-
dation. As is shown in Figs. S4A and B, the DSV hydrogel degraded 
rapidly, with 15.33 ± 5.37 % mass remain after 14 days, and was 
completely resorbed after 28 days. Different from the pure DNA 
hydrogel, GelMA hydrogels exhibited slower biodegradation perfor-
mances: the mass remaining rate of GelMA and GelMA-VEGF hydrogels 
were 56.58 ± 4.7 % and 58.86 ± 4.98 % after 14 days, and 30.92 ±
3.53 % and 33.67 ± 4.12 % after 28 days, respectively. Compared with 
the single network hydrogels, the double network hydrogels exhibited 
the slower biodegradation performances: the mass remaining rate of 
GDSV and GDSV-VEGF hydrogels were 66.69 ± 4.38 % and 69.5 ± 5.68 
% after 14 days, and 39.22 ± 4.62 % and 41.43 ± 3.68 % after 28 days, 
respectively. The results of degradation indicated that the pure DNA 

hydrogel was unstable in serum-containing environments in vitro or the 
physiological environment in vivo, and the combinations of DNA struc-
tures and polymeric compounds, such as GelMA, could improve the 
stability.

Taken together, these results demonstrated that, with the addition of 
DNA network, the GDSV and GDSV-VEGF hydrogels exhibited obvious 
rapid stress relaxation. Moreover, owing to the stable GelMA network, 
the GDSV and GDSV-VEGF hydrogels can provide suitable mechanical 
properties to support bone tissue regeneration and overcome the insta-
bility of pure DNA in the physiological environment. In addition, 
because VEGF does not participate in the crosslink of networks formed 
by GelMA and DNA main strands, the GelMA-VEGF and GDSV-VEGF 
hydrogels exhibit similar material characterizations to the GelMA and 
GDSV hydrogels respectively, which is consistent with the previous 
study about VEGF-loaded hydrogels [54].

3.2. GDSV hydrogel biocompatibility and promotion of cell proliferation

Live/dead staining was used to evaluate the cytotoxicity of the GDSV 
hydrogel towards BMSCs. As shown in Fig. 2A, bright green fluorescence 
was observed in all groups, whereas red fluorescence was extremely rare 
among the different hydrogels. The status of BMSCs was viable on GDSV 
hydrogels with or without VEGF, and had no distinguishable disparities 
compared with BMSCs seeded in plate wells (control group). Cell pro-
liferation was measured using the CCK-8 assay (Fig. 2B), and a time- 
dependent growth trend of BMSCs was observed in all groups. The 

Fig. 2. GDSV hydrogel biocompatibility and promotion of cell proliferation. A) Live/dead staining of BMSCs on GelMA, GelMA-VEGF, GDSV, and GDSV-VEGF 
hydrogels after 3 days of culture. Viable cells are green and dead cells are red, control group: BMSCs seeded in plate well directly, scale bar = 200 μm. B) CCK-8 assay 
of BMSCs proliferation and viability on different hydrogels for 1, 4 and 7 days (n = 6, *p < 0.05, **p < 0.01).
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proliferation activity on day 7 in the GDSV group was markedly higher 
than those in the GelMA, GelMA-VEGF, and control groups. Further-
more, the cell viabilities of the GDSV on day 7 were markedly elevated 
and significantly different from those of the GelMA group. We suppose 
that the facilitation of BMSCs proliferation is owing to the fast stress 
relaxation property of the GDSV hydrogel. Previous studies have proved 
substrate with fast stress relaxation can promote cell proliferation such 
as MSCs, fibroblasts and myoblasts [55–57]. According to our material 
characterization results, compared with GelMA hydrogel, the GDSV 
hydrogel exhibited significant matrix viscoelasticity of fast stress 
relaxation which was similar to ECM. In addition, although the 
GDSV-VEGF group showed the highest OD value and cell viability on 
day 7, no significant difference was observed between the GDSV-VEGF 
and GDSV groups, suggesting that VEGF could contribute to promot-
ing BMSCs growth, but was not the decisive factor. Taken together, the 
live/dead staining and CCK-8 results implied that the GDSV hydrogel 
was biocompatible and capable of stimulating BMSCs proliferation.

3.3. GDSV hydrogel for promoting the homing of BMSCs

Transwell migration experiments were conducted to explore the role 
of the GDSV hydrogel in BMSCs recruitment (Fig. 3A and B). As shown in 
Fig. 3C and D, only a few cells migrated in the control, GelMA, and GDV 
groups. However, a marginally higher number of migrating cells was 
observed in the GelMA-VEGF and GDV-VEGF groups. This could be 
attributed to the chemotactic effects of VEGF on BMSCs [58]. Interest-
ingly, a significant number of BMSCs was observed in the GDSV and 
GDSV-VEGF groups. This indicated that the inclusion of aptamer Apt19S 
in the hydrogels effectively recruited stem cells. The migration of 
endogenous stem cells to the site of injury is a crucial step in tissue 

regeneration. The sufficient migration of BMSCs to the defect area has a 
great contribution to facilitate bone formation [32,59]. Therefore, this 
finding suggests that the GDSV hydrogel can potentially be used as a 
candidate material for bone tissue repair.

3.4. GDSV-VEGF hydrogel for promoting tube formation via sustained- 
release of VEGF

The sustainable release of VEGF is important for maintaining its 
effective activity and concentration in hydrogels, which can promote 
angiogenesis (Fig. 4A). Fig. 4C shows the cumulative release of VEGF 
from GelMA-VEGF, GDS-VEGF, and GDSV-VEGF hydrogels over 14 
days. Both the GelMA-VEGF and GDS-VEGF hydrogels exhibited an 
initial burst release of approximately 50 % of the total amount loaded 
within the first 2 days, followed by a gradual decrease in the release rate. 
In contrast, GDSV-VEGF showed a slower release rate, with only 22 % of 
the total loaded VEGF released within the first 2 days. This hydrogel 
exhibited sustainable release behavior, and the cumulative release of 
VEGF was approximately 70 % after 14 days. These results suggest that 
the GDSV-VEGF hydrogel has the potential to maintain a sustained VEGF 
release over time, which may be beneficial for promoting angiogenesis 
and facilitating tissue regeneration.

Because the tube formation assay is an effective method to evaluate 
angiogenetic activities (Fig. 4B), HUVECs treated with extracts from 
different groups at different time points were investigated, and the total 
tube lengths, nodes, and meshes were quantified. As shown in Fig. 4D, 
vascular structures were formed within the capillary nets in extracts of 
every time point from the GDSV-VEGF hydrogel. In contrast, vascular 
nets were only observed under extracts of day 1 from GelMA-VEGF and 
GDS-VEGF hydrogels. When treated with the extracts of day 6 and day 

Fig. 3. GDSV hydrogel for promoting the homing of BMSCs. A) Schematic of the DNA aptamer (Apt19S), which performs the function of BMSCs recruitment. B) 
Illustration of the transwell migration test. C) BMSCs that traversed the membranes were stained. Images of cells towards GelMA, GelMA-VEGF, GDSV, GDSV-VEGF, 
GDV and GDV-VEGF hydrogels were captured, control group: no hydrogel was placed in the lower chamber, scale bar = 100 μm. D) Quantitative analysis of migrated 
BMSCs (n = 6, **p < 0.01).
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10, both the GelMA-VEGF and GDS-VEGF hydrogels failed to generate 
obvious capillary nets. The quantitative results of the tube length, node, 
and mesh numbers were consistent with observations from the different 
groups (Fig. 4E). These results demonstrated that AptV could help pro-
long the function of the hydrogel as a VEGF release platform to promote 

angiogenesis.
In addition, the results of the transwell migration and release kinetics 

of VEGF tests indicated that aptamers with definite functions were 
successfully connected to the DNA network. Previous studies reported 
that aptamers could be modified on the surface of graphene or collagen 

Fig. 4. GDSV-VEGF hydrogel for promoting tube formation via sustained-release of VEGF. A) Schematic of the DNA aptamer (AptV) which performs the 
function of the sustained-release of VEGF. B) Illustration of extract from medium with hydrogel to detect release of VEGF and tube formation. C) VEGF cumulative 
release curve of GelMA-VEGF, GDSV-VEGF, and GDS-VEGF hydrogels (n = 4). D) Images of tube formation of HUVECs under extracts from GDSV, GelMA-VEGF, 
GDSV-VEGF and GDS-VEGF hydrogels at time points of 1, 6, and 10 days, control group: extract from medium without hydrogel, scale bar = 200 μm. E) Quanti-
tative analysis of total lengths, nodes and meshes numbers (n = 4, *p < 0.05, **p < 0.01).
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via coupled reactions [31,34]. In our study, by designing specific base 
sequences, namely “handles” at the ends of aptamers and main strands, 
aptamers could be easily combined with the DNA network. Compared 
with the use of chemical coupling agents, obtaining aptamer modified 
hydrogels via the DNA base complementation is more convenient and 
effective. Owing to the specific functions of Apt19S and AptV modified 
on the composite hydrogel, the GDSV-VEGF hydrogel exhibited the 
positive ability to recruit BMSCs and continuously release VEGF for 
long-term angiogenesis.

3.5. GDSV hydrogel for enhancing BMSCs osteogenic differentiation in 
vitro

The detection of ALP activity and calcium deposition was effective 
for evaluating the osteo-inductivity of the different hydrogels. As shown 
in Fig. 5A, compared with the other two groups, both the GDSV and 
GDSV-VEGF groups displayed higher ALP activity with a deeper staining 
intensity. The quantitative results of ALP showed that (Fig. 5B), the 
GDSV group exhibited significantly increased ALP activity compared 
with the GelMA and GelMA-VEGF groups, and the GDSV-VEGF group 
exhibited the highest ALP activity. Similar results were observed for 
calcium deposition via ARS staining (Fig. 5A), the number of mineral-
ized nodules and positively stained areas of calcium deposition were 
significantly augmented in the GDSV and GDSV-VEGF groups (Fig. 5B). 
To investigate the influence of different hydrogels on the differentiation 
of BMSCs at the molecular level, the expressions of osteogenic-related 
genes including Runx2, Osterix, Col1, Alp, and Ocn were measured by 
qPCR. As shown in Fig. 5C, compared with the GelMA and GelMA-VEGF 
groups, the expressions of all these genes were significantly up-regulated 
in the GDSV group. Moreover, the GDSV-VEGF group displayed the 
highest elevating expressions of osteogenic-related genes, which may be 

due to the fact that VEGF directly triggers the osteogenic differentiation 
of osteoblast-related cells through its receptors [60]. However, no sig-
nificant difference was observed between the GDSV and GDSV-VEGF 
groups, consistent with the ALP activity and calcium deposition re-
sults. Taken together, the above results proved that the GDSV hydrogel 
has great potential to enhance the osteogenic differentiation of BMSCs in 
vitro.

3.6. GDSV-VEGF hydrogel for promoting vascularized bone formation in 
vivo

The potential of the hydrogels to promote new bone formation and 
neovascularization was assessed using a rat cranial defect model. Micro- 
CT reconstruction was performed to estimate cranium regeneration in 
the different groups. As shown in Fig. 6A, growth of new bone from the 
edge of the defect towards the center was observed in both the GDSV and 
GDSV-VEGF groups. In contrast, a small amount of new bone grew 
around the edges of the defects in the GelMA and GelMA-VEGF groups 
and no obvious new bone was formed in the control group. Quantified 
analyses of BV/TV and BMD (Fig. 6B) indicated that the GDSV-VEGF 
group promoted the highest volume of new bone formation which was 
distinctly greater than that of the GDSV group and the other three 
groups. Interestingly, although the amount of new bone formed in the 
GDSV group was lower than that in the GDSV-VEGF group, the new bone 
volume was still significantly higher than that in the other groups.

In addition, undecalcified sections stained with VG were used to 
further evaluate the bone regenerative effects of the hydrogels. As 
shown in Fig. 6C and D, new bone tissues were observed more in the 
GDSV (35.62 ± 2.32 %) and GDSV-VEGF (46.82 ± 2.01 %) groups, and 
the GDSV-VEGF group exhibited the highest new bone formation in the 
defect area. In contrast, less regenerated bone was observed in the 

Fig. 5. GDSV hydrogel for enhancing BMSCs osteogenic differentiation in vitro. A) ALP and ARS staining of BMSCs on GelMA, GelMA-VEGF, GDSV and GDSV- 
VEGF hydrogels, scale bar = 1 mm. B) Semi-quantitative analysis of ALP and ARS activity (n = 6, **p < 0.01). C) Expression of osteogenic-related genes (Runx2, 
Osterix, Col1, Alp, and Ocn) in BMSCs on different hydrogels (n = 6, **p < 0.01).
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Fig. 6. GDSV-VEGF hydrogel for promoting vascularized bone formation in vivo. A) Micro-CT reconstruction of cranium defects implanted with different 
hydrogels (Groups: control, GelMA, GDSV, GelMA-VEGF, and GDSV-VEGF) 8 weeks after the operation. The new bone formation in the defect regions (indicated by 
white rectangle or circle) was observed from side view, top view and bottom view, control group: cranium defects without hydrogel, scale bar = 1 mm. B) 
Quantitative analysis of BV/TV and BMD (n = 6, **p < 0.01). C) Undecalcified sections with VG staining were performed to observe new bone formation in the defect 
regions (indicated by blue rectangle) as histological evaluation, scale bar = 1 mm. D) Quantitative analysis of new bone area (n = 6, **p < 0.01). E) Sequential 
fluorescent labeling for dynamic bone mineralization by ARS, (red, 4 weeks) and CA (green, 6 weeks), scale bar = 100 μm. F) Quantitative analysis of ARS and CA 
labelled area (n = 6, *p < 0.05, **p < 0.01). G) Micro-CT reconstruction of new blood vessels perfused with Microfil in defect areas (indicated by white circle) 8 
weeks after the operation, scale bar = 1 mm. H) Quantitative analysis of new blood vessels area (n = 6, **p < 0.01). I) Decalcified sections with immunofluorescent 
staining of CD31 were performed to observe new vessels formation (CD31: red, cell nuclei: blue), scale bar = 100 μm. J) Quantitative analysis of CD31 labelled area 
(n = 6, **p < 0.01).
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GelMA and GelMA-VEGF groups and large areas of the defects were 
filled with fibrous connective tissues. Similar results were observed in 
the Masson’s trichrome staining (Figs. S5A and B), the new bone 
collagen fibers (blue) were observed more in the GDSV (31.76 ± 2.65 %) 
and GDSV-VEGF (44.01 ± 2.45 %) groups, and the GDSV-VEGF group 
exhibited the highest new bone formation in the defect area. Sequential 
fluorescent labeling analysis was performed to monitor dynamic bone 
mineralization (Fig. 6E). At 4 weeks, the percentage of the ARS-labelled 
area (red) in the GDSV-VEGF group was the highest among all groups. A 

similar trend was observed in the CA-labelled area (green) at 6 weeks; 
the GDSV-VEGF group had the largest positive-labelled area. As shown 
in Fig. 6F, the quantitative results confirmed this trend, demonstrating 
that the GDSV-VEGF group promoted the highest rate of mineralization 
and the GDSV group significantly accelerated mineral deposition, in 
contrast to the GelMA and GelMA-VEGF groups. These new bone for-
mation results indicated that the GDSV hydrogel could provide basic 
mechanical support, and its dynamic ECM characteristic of stress 
relaxation promoted the endogenous stem cells recruited by Apt19S for 

Fig. 7. Mechanism and role of GDSV hydrogel for promoting BMSCs osteogenic differentiation. A) Volcano diagram of DEGs between GelMA and GDSV 
groups. B) Gene enrichment GO-BP (Biological process) analysis of GDSV group vs. GelMA group. C) Gene enrichment KEGG pathways analysis of GDSV group vs. 
GelMA group. D) Heat map of DEGs related to cell adhesion and osteogenesis in GDSV group vs. GelMA group, such as Ptk2 encoding FAK, Ctnnb1 encoding β-Catenin 
(n = 4). E) Immunofluorescent staining of F-actin to observe BMSCs adhesion on different hydrogels (F-actin: green, cell nuclei: blue), scale bar = 100 μm and 20 μm, 
quantitative analysis of cell spreading area (n = 6, **p < 0.01). F) Western blot analysis of protein expression of FAK, p-FAK, Akt, p-Akt, β-Catenin, Runx2 and 
GAPDH between GelMA and GDSV groups. G) Quantitative analysis of FAK, Akt, β-Catenin, Runx2 normalized to GAPDH, p-FAK normalized to FAK, and p-Akt 
normalized to Akt (n = 6, **p < 0.01).
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osteogenic differentiation, which resulted in the promotion of new bone 
growth.

Regarding neovascularization, radiographic and histological ana-
lyses were performed to evaluate the angiogenic potential of different 
hydrogels in vivo. As shown in Fig. 6G, in the GDSV-VEGF group, 
remarkable blood vessel growth was observed in the central regions of 
the defects (indicated by white circles). By contrast, only a few blood 
vessels appeared in the GelMA and GelMA-VEGF groups, and these 
vessels were mainly distributed at the edges of the defects. Notably, in 
the GDSV group, some blood vessels were observed in the central areas 
of the defects, but were fewer than those in the GDSV-VEGF group. We 
quantified the perfused blood vessels with 3D reconstruction (Fig. 6H), 
and the results suggested that the GDSV-VEGF group (17.84 ± 1.54 %) 
induced the highest new blood vessel area among all groups. Moreover, 
CD31 immunofluorescence staining was performed to assess vasculari-
zation from a histological perspective. As shown in Fig. 6I, the GDSV- 
VEGF group displayed larger areas of positive stained capillaries (red, 
3.49 ± 0.4 %) than the other groups, and the quantitative analyses 
(Fig. 6J) were consistent with the observation, indicating that the GDSV- 
VEGF hydrogel possesses a considerable potential to promote vascular-
ization in vivo.

Overall, the GDSV-VEGF hydrogel showed a superior capacity to 
enhance osteogenesis and angiogenesis, thereby promoting vascularized 
bone formation. Notably, the GDSV hydrogel could accelerate the dif-
ferentiation of BMSCs towards the osteogenic line positively, and 
regenerate more new bone tissue compared to the GelMA hydrogels with 
or without VEGF. This suggested that the GDSV hydrogel could provide 
physiological cues to stimulate BMSCs towards osteogenic differentia-
tion. In addition, the optimum effect on vascularized bone regeneration 
was detected in the GDSV-VEGF group, which may be due to the fact 
that VEGF stimulates the formation of new vascular networks via 
endothelial cells. Based on this evidence, we propose that the GDSV- 
VEGF hydrogel enhances vascularized bone regeneration by gradually 
releasing VEGF throughout the process. Hence, it is convinced that the 
GDSV hydrogel loaded with VEGF contributes to the synergistic effect on 
promoting vascularized bone regeneration.

3.7. Mechanism and role of GDSV hydrogel for promoting BMSCs 
osteogenic differentiation

Because both in vitro and in vivo results indicated that the GDSV 
hydrogel could significantly enhance osteogenesis compared with the 
GelMA hydrogel, the underlying molecular mechanism was also detec-
ted via a series of tests. According to the RNA-seq results, volcano plots 
showed 2386 up-regulated and 1089 down-regulated genes in the GDSV 
vs. GelMA plot (Fig. 7A). GO analysis indicated that the up-regulated 
DEGs in the GDSV group were primarily associated with the biological 
process (BP) of cell adhesion, protein kinase activity, biomineral tissue 
development, and bone mineralization (Fig. 7B). As shown in Fig. 7C, 
KEGG analysis showed that GDSV activated cellular processes related to 
the actin cytoskeleton and focal adhesion. In addition, several 
osteogenic-related signal transductions pathways, especially the phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling 
pathway, were notably up-regulated in the GDSV group. In addition, 
compared with the GelMA group, DEGs involved in cell adhesion and 
osteogenesis were significantly up-regulated in the GDSV group 
(Fig. 7D). Whole RNA-seq analyses indicated that cell adhesion and 
mechanical signal transduction played critical roles in promoting the 
osteogenic differentiation of BMSCs in the GDSV group. Immunofluo-
rescence staining of F-actin was performed to observe cell adhesion on 
different hydrogels. As shown in Fig. 7E, BMSCs cultured on GDSV 
extended more widely and exhibited larger spreading areas than cells 
cultured on GelMA, indicating that GDSV with stress relaxation could 
positively regulate the cytoskeleton and promote cell adhesion. More-
over, Western blot was performed to further detect the osteogenic mo-
lecular mechanism at the protein level. As shown in Fig. 7F and G, 

compared to the GelMA group, both the total and phosphorylated levels 
of FAK and Akt were significantly up-regulated in the GDSV group. 
Besides, the protein expression of β-Catenin and Runx2 increased 
considerably in the GDSV group.

These results indicated that, compared with the GelMA group, a se-
ries of biological processes and signaling pathways related to cell 
adhesion and osteogenesis were significantly affected in the GDSV 
group. For instance, RNA-seq analyses showed a positive regulation of 
cell adhesion, which was consistent with our immunofluorescence 
staining results of the cytoskeleton on different hydrogels. In our results, 
the BMSCs spread over larger areas of F-actin on the GDSV hydrogel, 
indicating that a substrate with rapid stress relaxation could facilitate 
the spreading and adhesion of cells, which has been proven in previous 
studies [61]. In addition, according to the enrichment pathways of focal 
adhesion and the biological process of the positive regulation of protein 
kinase activity, we detected FAK expression via western blot. Both the 
total FAK and p-FAK expression were significantly up-regulated in the 
GDSV group. As a key role in the focal adhesion core, FAK can transmit 
extracellular signals into inner signaling cascades [62]. The high 
expression of FAK further indicated that the GDSV hydrogel with rapid 
stress relaxation provided significant mechanical cues to stimulate focal 
adhesion activity, thereby affecting intracellular signal transduction.

When detecting intracellular signaling pathways, we observed that a 
large number of DEGs were enriched in the PI3K/Akt signaling pathway. 
As a key intracellular signaling pathway that regulates cell biological 
behaviors such as cell survival, proliferation, and differentiation, the 
PI3K/Akt signaling pathway has been proven to be a critical down-
stream signaling of focal adhesion and is able to transduce mechanical 
signals [63]. We tested the protein expression of Akt, and found that 
p-Akt expression was significantly up-regulated in the GDSV group. 
Previous reports have shown that the PI3K/Akt signaling pathway is 
capable of receiving upstream signals from focal adhesions, and that 
phosphorylation of the PI3K/Akt pathway triggers a change in cell be-
haviors [64]. Lin et al. observed that hydrogel with rapid stress relax-
ation could promote cell proliferation via the PI3K/Akt signaling 
pathway, which is consistent with our results of the cell proliferation test 
[65].

Although the PI3K/Akt signaling pathway is a key regulator of bone 
formation, the definite role of this pathway in promoting cell osteogenic 
differentiation has not been clarified. The classical Wnt/β-Catenin 
pathway can regulate cell functions via stabilizing the β-Catenin level 
and promoting its subcellular localization. In bone repair, β-Catenin can 
translocate to the nucleus and activate the transcription of a wide range 
of downstream osteogenic-related genes directly [66,67]. Recent studies 
demonstrated the crosstalk between the PI3K/Akt and Wnt/β-Catenin 
pathways in regulating osteogenesis [68,69].

In other words, phosphorylated Akt has been proven to maintain the 
accumulation of β-Catenin, and PI3K/Akt/β-Catenin axis regulating cell 
osteogenic differentiation and mineralization occurs. In our results, the 
Ctnnb1 gene, which encodes β-Catenin, was expressed significantly 
different between the GelMA and GDSV groups. Moreover, the protein 
expression of β-Catenin and Runx2 was noticeably up-regulated in the 
GDSV group, indicating that β-Catenin played a crucial role in the pro-
cess of GDSV promoting osteogenic differentiation. Interestingly, 
because the KEGG pathways results showed no significant difference in 
the enrichment of genes related to the classical Wnt pathway, the up- 
regulation of β-Catenin was attributed to the activation of PI3K/Akt 
rather than the canonical Wnt pathway. The above results demonstrated 
that the GDSV hydrogel with rapid stress relaxation could modify the 
cytoskeleton and facilitate cell adhesion, and the mechanical cues could 
promote BMSCs osteogenic differentiation via a FAK/PI3K/Akt/β-Cat-
enin axis.

4. Conclusion

In summary, we have successfully developed a composite hydrogel 
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comprising GelMA and DNA decorated with aptamers. This hydrogel 
demonstrates the combined advantages of rapid stress relaxation that is 
similar to viscoelastic ECM, and multiple functionalities that enhance 
vascularized bone formation. Our results indicated that the GDSV-VEGF 
hydrogel could sustainably release VEGF and promote angiogenesis. 
Furthermore, the GDSV hydrogel has the ability to promote osteogenesis 
and enhance the osteogenic differentiation of BMSCs by facilitating cell 
adhesion and activating the FAK/PI3K/Akt/β-Catenin signaling 
pathway. Overall, our findings suggest that this composite hydrogel, 
based on aptamer-modified DNA backbones with biological properties 
resembling those of natural bone ECM, is a promising biomaterial for 
bone repair.
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