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A B S T R A C T   

The classical 3D-printed scaffolds have attracted enormous interests in bone regeneration due to the customized 
structural and mechanical adaptability to bone defects. However, the pristine scaffolds still suffer from the 
absence of dynamic and bioactive microenvironment that is analogous to natural extracellular matrix (ECM) to 
regulate cell behaviour and promote tissue regeneration. To address this challenge, we develop a black phos
phorus nanosheets-enabled dynamic DNA hydrogel to integrate with 3D-printed scaffold to build a bioactive gel- 
scaffold construct to achieve enhanced angiogenesis and bone regeneration. The black phosphorus nanosheets 
reinforce the mechanical strength of dynamic self-healable hydrogel and endow the gel-scaffold construct with 
preserved protein binding to achieve sustainable delivery of growth factor. We further explore the effects of this 
activated construct on both human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells 
(MSCs) as well as in a critical-sized rat cranial defect model. The results confirm that the gel-scaffold construct is 
able to promote the growth of mature blood vessels as well as induce osteogenesis to promote new bone for
mation, indicating that the strategy of nano-enabled dynamic hydrogel integrated with 3D-printed scaffold holds 
great promise for bone tissue engineering.   

1. Introduction 

Craniofacial bone defects caused by various conditions, including 
degenerative diseases, trauma and cancer surgeries, face challenges in 
clinical treatment. In clinic, reconstructive operations are required to 
solve the skeletal injuries. Current approaches involve autologous grafts, 
allogenic grafts and alloplastic materials to improve the craniofacial 
bone repairing outcomes. However, the autologous and allogenic grafts 
have source limitation, while the alloplastic substitutes remain highly 
challenging to restore bone functions. Over the past decades, tissue 
engineering has provided a promising alternative approach for the 
regeneration of bone defects [1,2]. The in vivo regeneration of new bone 
critically depends on the coordination and guidance of distinct 

biological processes [3]. The scaffold, as one of the key elements of bone 
tissue engineering, could create a suitable spatial structure for cell 
growth and migration, which is essential for guiding bone regeneration. 
In this regard, 3D printing technology demonstrates great advantages 
and has been widely used to fabricate porous scaffolds with controllable 
shapes to adapt bone defects [4–6]. The classical 3D-printed scaffolds 
made from single biomaterials or composites [7], such as poly
caprolactone (PCL), β-tricalcium phosphate and hydroxyapatite, 
demonstrate good mechanical strength approaching to natural bones. 
However, unlike the native extracellular matrix (ECM), the pristine 
3D-printed scaffolds are often lack of inherent dynamic microenviron
ment with physical and chemical cues to direct cell behaviours. It would 
be appealing to endow the scaffolds with ECM-mimicking architecture 
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and properties to promote bone regeneration. 
Interestingly, the emergence of functional hydrogels provides plenty 

of possibilities to endow 3D printed scaffolds with hydrophilic network 
analogous to ECM [8–10]. Hydrogels demonstrate processability [11], 
and more remarkably, can be designed to adjust the key factors modu
lating bone regeneration, including growth factor delivery, mechanical 
stimulation, and cell-to-cell communication [12–18]. However, the 
properties of conventional chemical-crosslinking hydrogels are gener
ally static, while cells within a tissue are subjected to dynamic 
micro-environment that determines their function and immunogenicity, 
variable physicochemical properties and fate [19,20]. Fortunately, 
hydrogels with dynamic properties can adapt to the environment, co
ordinate with the tissue regeneration process, and self-heal after damage 
[21–23]. The reversible network can be realized by dynamic covalent 
bonds or noncovalent interactions [24,25]. 

To this end, deoxyribonucleic acid (DNA), composed of monomeric 
nucleotides, is an interesting building block to prepare dynamic supra
molecular hydrogels. DNA backbones treated with heating and cooling 
process can form a physical cross-linking network through multiple 
hydrogen bonds [26]. DNA hydrogel can serve as promising carrier to 
sustainably deliver active molecules including proteins and drugs. DNA 
hydrogel is injectable with shear thinning behaviour, while the me
chanical strength is relatively weak. Remarkably, imparting nano
particles to build nanocomposite network can effectively achieve 
mechanical reinforcement of DNA hydrogel [27]. Recent studies have 
shown the two-dimensional black phosphorus nanosheets (BPNSs) can 
form nano-enabled physical network with various polymers via non
covalent interactions [28]. Regarding to this, BPNSs could potentially 
bind with the macromolecular DNA strands, conferring functionality to 
the hydrogel while tightening the DNA cross-linking network. Specif
ically, BPNSs are biodegradable and have excellent biomineralization 
property [29] as well as osteoinductivity [30–32]. However, the current 
research on bone repair materials based on BPNSs has rarely considered 
the synergistic effect of angiogenesis on bone regeneration. It is well 
known that skeleton relies on the vascular system to maintain its 
metabolic balance, so vascularization is critical for bone regeneration 
and remodeling [33]. In mature bone, the vascular system provides the 
necessary signaling factors and nutrients to act as a communication 
bridge between bone and adjacent tissues [34]. The failure of implant 
materials to establish an effective vascular network can easily lead to the 

occurrence of local osteonecrosis. Therefore, developing bone implant 
materials with both angiogenic and osteogenic activities to accelerate 
the formation of vascular network in bone defect area is a feasible 
strategy to achieve material-guided high-efficiency bone regeneration. 
The high surface area of BPNSs and noncovalent interactions with 
bioactive molecules, such as electrostatic complexation, hydrophobicity 
and π-π stacking [35,36], probably ensure high loading efficiency and 
sustained release profile of bioactive molecules, such as vascular endo
thelial growth factor (VEGF). On account of these characteristics, 
imparting BPNSs nano-enabled DNA hydrogels with VEGF delivery 
would endow inert scaffolds with dynamic microenvironment and 
vascularization capabilities to enhance bone regeneration outcomes. 

Herein, we engineered the dynamic DNA hydrogel with VEGF 
decorated BPNSs nanosheets and integrated with 3D-printed PCL scaf
fold to develop bioactive gel-scaffold construct for enhanced vascular
ized bone regeneration (Fig. 1). This nano-enabled strategy presented 
the advantage of developing reversible biological network without the 
need of chemical reaction or synthesis of specific DNA strand sequences. 
The structural and physical property analysis was applied to probe the 
BPNSs reinforcement effect. We evaluated the performance of nano- 
enabled hydrogel in modulating the release of VEGF as well as its bio
logical activity. The gel-scaffold construct was further implanted in a rat 
cranial bone defect model to explore its performance on angiogenesis 
and bone regeneration. We envision that this gel-scaffold construct will 
offer great opportunity in promoting bone tissue regeneration where 
vascularization is critical. 

2. Materials and methods 

2.1. Preparation of BP/DNA hydrogel and gel-scaffold constructs 

Liquid phase exfoliation method was used to prepare the black 
phosphorus nanosheets (BPNSs) [37,38]. First, the black phosphorus 
crystal powder (100944, Nanjing XFNANO Materials Tech Co., Ltd, 
China) was dispersed in ultrapure water. The mixture was sonicated for 
9 h in an ice bath using a cell disruptor to obtain a brown dispersion. 
After that, the dispersion was sonicated in an ice bath for 4 h, and the 
supernatant was collected after centrifugation (10000 rpm) for 20 min. 

To prepare nano-enabled hydrogels, 2.4 μg of VEGF (HEGFP-2265, 
Cyagen, USA) was added to 200 μL of BPNSs dispersion (600 ppm) and 

Fig. 1. Schematic illustration of the concept that integrating 3D-printed PCL scaffold and BPNSs-enabled DNA hydrogel loaded with VEGF for vascularized bone 
regeneration. 
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incubated at 4 ◦C for 12 h. DNA (deoxyribonucleic acid sodium salt from 
salmon testes, D1626, Sigma-Aldrich, USA, molecular weight ~1.3 ×
106 g/mol, corresponding to ~2000 base pairs) was dissolved in DPBS at 
40 ◦C for 12 h, after that, the DNA solution was pre-stirred in a 95 ◦C 
water bath for 5 min 200 μL of PBS, BPNSs dispersion (600 ppm) or 
VEGF-BPNSs dispersion (600 ppm) was added to 1 mL of 6 w/v% DNA 
pre-gel, respectively, and stirred until it was evenly dispersed in the pre- 
gel. These BP/DNA and VEGF-BP/DNA pre-gels were allowed to anneal 
for sufficient physical cross-linking at room temperature. To fabricate 
the gel-scaffold constructs, the nano-enabled hydrogels were directly 
injected into 3D-printed polycaprolactone scaffolds (PCL, 305048/ 
305096, 3D Biotek, USA) at 40 ◦C and allow to anneal at room tem
perature without any further treatments. 

2.2. Physical and structural characterization of BP/DNA hydrogels and 
the constructs 

The average size and Zeta-potential of BPNSs and VEGF-BPNSs were 
measured by a Zetasizer instrument (Nano ZS90, Malvern, UK). For the 
sample preparation, 2 μL of VEGF solution (0.5 mg/mL) was added to 1 
mL of 50 ppm BPNSs dispersion and incubated at 4 ◦C for 12 h. Trans
mission electron microscopy (TEM, JEM-2100HR, JEOL, Japan) and 
atomic force microscopy (AFM, MFP-3D-S, Asylum Research, USA) were 
used to characterize the morphology of BPNSs and VEGF-BPNSs. For the 
sample preparation of TEM testing, the grids supported carbon film were 
placed on filter paper, and 30 μL of dilute sample dispersion was drop
ped on the grids, following by drying in air at room temperature. AFM 
characterization was conducted in tapping mode (1 Hz scanning 
frequency). 

Fourier infrared spectrophotometer (FTIR, CCR-1, Thermo Scientific, 
USA) was used to obtain the FTIR spectra of the hydrogel samples to 
analyze the interaction between BPNSs and DNA molecular chains in the 
hydrogel network. The morphology of the nano-enabled hydrogels 
coated with platinum was observed by using field-emission scanning 
electron microscopy (SEM, MERLIN, Zeiss, Germany) at an acceleration 
voltage ranging from 5 to 10 kV. The nano-enabled DNA hydrogels were 
also immersed into water with varied pH to investigate the stability 
against time. 

The rheological analysis was performed by oscillating rheometer 
(MCR 302, Anton Paar, Austria). Strain sweep experiments were con
ducted to determine the linear viscoelastic response of hydrogels at 
25 ◦C. Strain sweep experiments were performed with the amplitude 
varying from 0.1% to 2000% strain. Similarly, frequency sweep mea
surements were recorded from 0.01 Hz to 100 Hz. For the self-healing 
property measurements, continuous step change of oscillatory strain 
between 100% and 1% at 1 Hz was applied to test the strain-induced 
destruction and recovery of DNA/BP nano-enabled hydrogels. 

The contact angles of PCL sheet and hydrogel-coated PCL sheets were 
measured by using a contact angle meter (DSA25, KRUSS, Germany). 
Measurements were carried out at least three times for each sample. The 
surface morphology of the PCL scaffold and gel-scaffold constructs was 
observed by SEM (Leica, Germany). 

2.3. Cell culture 

Rat bone marrow mesenchymal stem cells (BMSCs) were purchased 
from the Type Culture Collection of the Chinese Academy of Sciences 
(SCSP-402, Shanghai, China). BMSCs were cultured in Dulbecco’s 
modified Eagle medium (DMEM, C11995500BT, Gibco, USA) containing 
10% fetal bovine serum (Gibco, C2027050, USA) and 1% penicillin- 
streptomycin (Gibco, 15140-122, USA) at 37 ◦C under 5% CO2. BMSCs 
were trypsinized and collected by centrifugation for passage and seed
ing. Human umbilical vein endothelial cells (HUVECs, 8000, Sciencell, 
USA) were cultured in endothelial cell basal medium (1001, Sciencell, 
USA). Other cell-culture ingredients were consistent with BMSCs. 

2.4. The in vitro release of VEGF and its biological activity evaluation 

The gel-scaffold construct was placed in a sterile Eppendorf tube 
without enzyme, and 2 mL of PBS solution containing 0.1% BSA was 
added. At the set time point, 200 μL of release medium was aspirated for 
VEGF content determination, and fresh 200 μL of PBS solution con
taining 0.1% BSA was supplemented to the Eppendorf tube. The released 
VEGF was quantitatively analyzed by using Human VEGF ELISA Kit 
(EK0470, SAB, USA). The cumulative release percentage of VEGF was 
calculated based on the values of concentration of released VEGF 
divided by the initial total concentration of VEGF encapsulated in 
hydrogels. 

The bioactivity of VEGF released by the gel-scaffold constructs was 
determined by wound healing experiment. 1.0 × 105 HUVECs were 
seeded into Culture-Insert (80369, Ibidi, Germany) in a 24-well plate 
cultured with normal medium. After the HUVECs were overgrown, the 
Culture-Insert was gently removed with sterile forceps and the release 
medium was used to replace the normal medium. After the incubation 
for 12 h, HUVECs were fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet solution, and the scratch closure was observed 
by using an optical microscope. The migration rate of HUVECs was 
statistically analyzed by using ImageJ software. The total area of 
scratched surface was recorded as A0, the area of scratched surface 
covered by HUVECs was recorded as A, and A/A0 × 100% was defined as 
the migration rate (n = 4). 

2.5. Cell proliferation 

The gel-scaffold constructs were immersed in the serum-free cell 
culture medium at a mass ratio of 50 mg/mL, and incubated in a shaker 
at 37 ◦C for 48 h to prepare the extract. The culture medium used for 
BMSCs was serum-free DMEM medium, and the culture medium used for 
HUVECs was serum-free endothelial cell basal medium, both of which 
contained 1% penicillin-streptomycin. The extracts were filtered with 
membrane filters (pore size 0.22 μm), and fetal bovine serum (HUVECs: 
5 w/v%, BMSCs: 10 w/v%) was added to obtain the extract-containing 
medium for culturing cells. 

2.6. In vitro angiogenesis 

Briefly, 3 × 104 cells were seeded in each well of a 48-well plate. 
After cell adhesion, the extract-containing medium was introduced and 
the cells were cultured for 1, 3, and 5 days, respectively. For cell pro
liferation testing, CCK-8 working solution was prepared according to the 
volume ratio of fresh medium and CCK-8 stock solution (CK04-500T, 
Dojindo Laboratories, Japan) of 10:1, 200 μL of CCK-8 working solution 
was added to each well and incubated in cell incubator for 1 h. After 
that, 110 μL of incubation solution was pipetted into a 96-well plate and 
measured the absorbance at 450 nm with a microplate reader (Thermo 
3001, Thermo Scientific, USA). 

1 × 105 HUVECs were seeded in a 24-well plate. After culturing 
HUVECs in extract-containing medium for 3 days, quantitative RT-PCR 
analysis was performed to estimate the gene expression of several 
angiogenesis-related markers including VWF, CD31, and PDGF-B with 
GAPDH as the control gene. The specific primer sequences used were 
shown in Table 1 mRNA from the respective samples was extracted at 
day 3. Three different samples were tested for each group (n = 3). The 
ΔΔCt relative method was used to calculate the fold increase expression. 
The experimental results were normalized based on the gene expression 
levels obtained for HUVECs of the PCL scaffold group. 

Immunofluorescence staining was used to analyze the secretion of 
VWF protein in HUVECs. HUVECs were seeded in a 24-well plate (1 ×
105 cells/well) and cultured with different groups of extract-containing 
medium for 3 days, then VWF protein secreted by HUVECs was observed 
by Confocal Laser Scanning Microscopy (CLSM, Leica TCS SP8, Ger
many). The main steps were as follows: the HUVECs in the plate were 
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fixed with 4% paraformaldehyde solution for 1 h at room temperature. 
After that, 0.1% Triton X-100 solution and 5% BSA solution were added 
into each well and incubated for 15 min and 1 h, respectively. Finally, 
HUVECs in the plate were incubated with Anti-Von Willebrand Factor 
antibody dilution (ab154193, Abcam, USA) for 12 h at 4 ◦C and Goat 
Anti-Rabbit IgG dilution (Alexa Fluor®647, ab150079, Abcam, USA) for 
1 h at room temperature in dark, and the nuclei were labelled with DAPI 
dye solution (C1002, Cyagen, USA). 

Subsequently, commercially available in vitro micro-angiogenesis 
orifices (81506, Ibidi, Germany) were used to characterize the tube 
formation of HUVECs. HUVECs were digested after being cultured with 
different groups of extract-containing medium for 3 days, and 1 × 104 

HUVECs were seeded in the micro-angiogenesis well plate containing 
Matrigel (Corning, USA). After cultured in the endothelial cell basal 
medium for 6 h, the tube formation of HUVECs was observed by using an 
optical microscope. The formation of HUVECs tubes in the micro- 
angiogenesis well plate was observed under the bright field of an opti
cal microscope. Then HUVECs in the micro-angiogenesis well plate were 
fixed with paraformaldehyde for 20 min and stained with Calcein-AM. 
Finally, HUVECs in the micro-angiogenesis well plate were photo
graphed with a fluorescence microscope, and the number of tubes pro
duced by HUVECs was counted by ImageJ software, and four images of 
different views were used for each sample. 

2.7. In vitro osteogenic differentiation 

1 × 105 BMSCs were seeded in 24-well plate. After cell adhesion, the 
extract-containing medium was added to culture BMSCs, quantitative 
RT-PCR was used to detect the expression of osteogenic related genes 
(Runx-2, ALP, OPN and OCN) with GAPDH as the control gene. The 
specific primer sequences used were shown in Table 2 mRNA from the 
respective samples was extracted at day 7 and day 14. Three different 
samples were tested for each group (n = 3). The ΔΔCt relative method 
was used to calculate the fold increase expression. The experimental 
results were normalized based on the gene expression levels obtained for 
BMSCs of the PCL scaffold group. 

The formation of mineralized matrix was characterized by Alizarin 
Red staining after culturing BMSCs for 14 days with the extract- 
containing medium. BMSCs were firstly fixed with 4% para
formaldehyde, and then Alizarin Red solution was used to mark the 

mineralized matrix of BMSCs. After that, dodecylpyridine chloride so
lution (100 mM) was added to each well to quantify the amount of 
mineralized matrix. Finally, the absorbance at 562 nm was measured 
with a microplate reader (Thermo 3001, Thermo Scientific, USA). 

2.8. In vivo angiogenesis and osteogenesis performance 

The animal procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of South China 
University of Technology and approved by the University Animal Ethics 
Committee. The in vivo bone repair performance of the gel-scaffold 
construct was evaluated in the Sprague-Dawley rat (6 weeks, female) 
cranial defect model. Twenty-seven rats were used and two 5 mm- 
diameter bone defects were created in each rat for material implanta
tion, with five samples per group at different time points. The bone 
defects without implanted materials were regarded as the blank group. 
At time frame of 4 and 8 weeks, the Sprague Dawley rats were sacrificed 
and their craniums were subjected to Micro-CT analysis (Explore Locus 
SP, GE, USA). ZKKS-MicroCT4.1 software was used to calculate the 
relevant bone parameters. 

To observe the tissue morphology of new bones, the cranium tissue 
was fixed in 4% formalin, decalcified, and embedded in paraffin to 
prepare tissue sections. Then H&E, Masson staining, and immunohis
tochemistry were performed. For immunofluorescence staining, the 
slices were processed sequentially with EDTA antigen retrieval buffer 
(pH 9.0) and BSA solution, and anti-CD31 Mouse mAb (GB12063, 
Servicebio, China) or anti-osteocalcin antibody (ab13418, Abcam, USA) 
was added to the slices and incubated at 4 ◦C for 12 h. Then Cy3 con
jugated goat anti-mouse IgG (GB21301, Servicebio, China) or HRP 
conjugated goat anti-mouse IgG (GB23301, Servicebio, China) was 
dropped on the section and incubated at room temperature for 50 min. 
Finally, the nuclei were stained with DAPI, and the digital pathology 
scanning system (P250 FLASH, 3DHISCETH, Hungary) was used for 
observation. 

2.9. Statistical analysis 

All data were expressed as means ± standard deviation (SD) and 
were analyzed using one-way ANOVA with a post hoc test. A p-value <
0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p 
< 0.001. 

3. Results and discussion 

3.1. Preparation of nano-enabled DNA supramolecular hydrogels 

In this study, DNA was used as the building blocks to prepare nano- 
enabled physical hydrogels. Black phosphorus nanosheets (BPNSs) were 
imparted into the DNA hydrogels to assist the formation of dynamic 
polymer network. The BPNSs were synthesized by liquid phase stripping 
from black phosphorus powder. The scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) images revealed the 
two-dimensional structure of BPNSs, and the average lateral size of 
BPNSs was approximately 200 nm (Fig. 2a and b). The high-resolution 
TEM image showed the good crystallinity of BPNSs, where lattice 
fringes of 0.24 nm assigned to the crystal plane of orthorhombic phos
phorus can be observed. The selected-area electron diffraction (SAED) 
also confirmed the preservation of crystalline features of BPNSs during 
exfoliation procedure. 

The BPNSs were dispersed in deionized water to form homogeneous 
dispersion. Thereafter, the aqueous BPNSs dispersion was then added 
into DNA hydrogel followed by vortex mixing to produce nano-enabled 
DNA hydrogel (Fig. 2c). The interactions were detected by testing the 
hydrogel viscosity as a function of shear rate ranging from 0.01 to 100 
s− 1. Since BPNSs were imparted into the DNA hydrogel matrix, a cor
responding increase in viscosity was demonstrated (Fig. 2d). Also, the 

Table 1 
Oligonucleotide primer sequences utilized for qRT-PCR.  

Target DNA Primer sequence (5′-3′) 

GAPDH F: TTGGCTACAGCAACAGGGTG 
R: TCTTCCTCTTGTGCTCTTGCTG 

VWF F: GGAAGTGCAGCAAGTGAGGC 
R: TATTGTGGGCTCAGAAGGGC 

CD31 F: CCTCTGGGAACGCACGACT 
R: AGCACTTGGAAGGGGTCGC 

PDGF-B F: CTTGCGGCGTGTTCCTCT 
R: CAGGCCTGCGTGTATGTGC  

Table 2 
Oligonucleotide primer sequences utilized for qRT-PCR.  

Target DNA Primer sequence (5′-3′) 

GAPDH F: CACCCAGCCCAGCAAGGATA 
R: GCCCCTCCTGTTGTTATGG 

Runx-2 F: TCCTTCCCTCCGAGACCCTA 
R: GGTCAGTCAGTGCCTTTCCTT 

ALP F: GCCAGGCTGGGAAGAACAAC 
R: ACAGGGGAGTCGCTTCAGTG 

OPN F: GGCCCTGAGCTTAGTTCGTTG 
R: GCAGTGGCCATTTGCATTTC 

OCN F: GGCGCTACCTCAACAATGGAC 
R: CGTCCTGGAAGCCAATGTG  

Y. Miao et al.                                                                                                                                                                                                                                    



Bioactive Materials 21 (2023) 97–109

101

increase in shear rate clearly led to the viscosity decrease, showing the 
shear thinning nature of this nano-enable DNA hydrogel, which is 
essential for injectable hydrogels. To further identify the interactions 
between BPNSs and the DNA molecular chains, FTIR characterization 
was carried out on the hydrogels with and without BPNSs (Fig. 2e). 
Pristine DNA hydrogel exhibited the C–O stretching vibration peak of 
the sugar ring at 1268 cm− 1 and the O–P–O bending vibration peak at 
960 cm− 1, corresponding to the structural characteristic peaks of DNA. 
After the introduction of BPNSs, the carbonyl vibration peak at 1650 
cm− 1 of the DNA base shifted to a lower wave number due to the 
physical interactions between BPNSs and the DNA backbone. In addi
tion, the intensity of peak at 960 cm− 1 corresponding to the O–P–O 
bending vibration was weakened, and the shape and intensity of the C–O 
characteristic peaks of DNA molecules at 1060 cm− 1 and 1080 cm− 1 had 
changed significantly. This finding indicated the changes of DNA mo
lecular environment and the existence of interactions between BPNSs 
and DNA backbone. 

Oscillatory rheological analysis was then performed to investigate 
the effect of BPNSs on the mechanical properties of the nano-enabled 
DNA hydrogel. The linear viscoelastic region of hydrogel was deter
mined by detecting the change of storage modulus (G′) and loss modulus 
(G”) as a function of shear strain. In the strain range of 0.01%–10%, both 
G′ and G′′ of DNA and BP/DNA hydrogels were constant with the values 
of G′ higher than G’’ (Fig. 2f). Subsequently, frequency sweep mea
surement was conducted in the linear viscoelastic region at frequencies 

ranging from 0.01 to 10 Hz. It can be found that the introduction of 
BPNSs can significantly increase the storage modulus of DNA hydrogel 
(Fig. 2g). When designing an injectable nano-enabled hydrogel, it is 
important that the material can withstand cyclic strain and quickly 
restore its original structure as well as mechanical strength after 
removing the shear stress. Oscillation strain amplitude test was per
formed by applying high strain (100%) and low strain (1%) to observe 
the change of storage modulus. As shown in Fig. 2h, subjected to several 
cycles of strain variation, the complete recovery of storage moduli 
within seconds can be observed in both DNA and BP/DNA hydrogels, 
indicating the self-healing capability of the physical crosslinking 
network. These results might be attributed to the physical interactions 
including π-π stacking between the six-membered ring of BPNSs and the 
DNA backbone. These interactions regulated the mechanical stability of 
BP/DNA hydrogel, and the formation of the additional cross-linking 
points can be responsible for the observed increase in the G’ value. 

In addition, we investigated the internal structure of the nano- 
enabled DNA hydrogel since this parameter is related to crosslinking 
density and could affect the release profile of encapsulated payloads. As 
shown in Fig. 3a, the introduction of BPNSs clearly resulted in a decrease 
of pore size of hydrogel, indicating the formation of a denser nano
composite network with a higher degree of physical crosslinking. BPNSs 
were embedded in the physical crosslinking network, which could be 
beneficial to their stability maintenance as well as retardant degradation 
in the physiological environment. It was interesting to note that the 

Fig. 2. Physical properties of BPNSs-enabled DNA supramolecular hydrogel. (a) SEM image of exfoliated BPNSs. (b) TEM images of BPNSs, left: topographic image, 
middle: high resolution image, right: SAED image. (c) Photograph of BPNSs-enabled DNA hydrogel. (d) Viscosity vs shear rate plots demonstrated an increase in the 
viscosity of BP/DNA hydrogel due to the presence of BPNSs. The physical hydrogels showed shear-thinning behaviour. (e) FTIR spectra of BPNSs, DNA and BP/DNA 
hydrogels, showing the physical interaction between BPNSs and DNA. (f) Strain sweep measurement of hydrogels: the change of the storage and loss moduli indicated 
the linear viscoelastic region at 0.01%–10%. (g) Frequency sweep measurement in the range of 0.01–10 Hz, showing the BPNSs enhanced storage modulus of BP/ 
DNA hydrogel. (h) Mechanical recovery of hydrogels as determined by the change of storage modulus under alternating high (100%) and low strain (1%). 
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dimension of DNA and BP/DNA hydrogels had no obvious changes in 
PBS buffer solution, showing insignificant swelling after 2 days of in
cubation at 37 ◦C (Fig. 3b). Overall, these findings demonstrated the 
great capability of BPNSs in the modulation of structural and physical 
properties using an ultra-low particle concentration as compared to 
other nanocomposite hydrogels. This is a great advantage since a lower 
concentration of nano-structured materials in hydrogels is beneficial to 
reduce their possible cytotoxicity. 

3.2. VEGF binding onto BPNSs 

BPNSs have high specific surface area and folded lattice structure, 

which are conducive to drug loading and multi-modal collaborative 
treatment [39–41]. We firstly studied the binding situation between 
BPNSs and VEGF by using TEM. BPNSs and VEGF were co-incubated to 
produce VEGF-BPNSs sample, dotted surface morphology can be clearly 
observed comparing to pristine BPNSs, as shown in Fig. 4a. We con
jectured that the nanoparticles/dots on the surface of BPNSs attribute to 
VEGF as the inset TEM image of VEGF showed similar morphology. 
Further analysis of the surface elements of VEGF-BPNSs clearly revealed 
that C, N, and O elements were distributed on the surface of BPNSs 
(Fig. 4b), indicating VEGF binding onto BPNSs successfully. To quanti
tatively analyze the thickness distribution of the nanosheets, we 
randomly selected two linear regions of AFM images. As shown in 

Fig. 3. Morphology and volume stability of BP/DNA nano-enabled hydrogel. (a) SEM images of BP/DNA hydrogel showing the reduced pore size of lyophilized 
matrix in the presence of BPNSs. (b) Stability of DNA and BP/DNA hydrogels in deionized water and PBS at different pH values. 

Fig. 4. The physical binding of VEGF onto BPNSs. (a) TEM images of BPNSs and VEGF-BPNSs. (b) Topography and surface element analysis demonstrated that VEGF 
can be physically adsorbed on the surface of BPNSs. (c) AFM images of BPNSs and VEGF-BPNSs, the height profile showed the increased thickness of VEGF-BPNSs. (d) 
Particle size distribution, (e) Average size and (f) Zeta potential of BPNSs and VEGF-BPNSs. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 4c, the thickness of the VEGF-BPNSs was ranging from 10 nm to 25 
nm, which was higher than that of pristine BPNSs (8–12 nm), due to the 
VEGF adsorbed on the surface of BPNSs. 

Dynamic light scattering (DLS) and Zeta-potential analysis were then 
used to study the size and surface potential variation of BPNSs with/ 
without VEGF binding. As shown in Fig. 4d–f, after incubation with 
VEGF, the particle size of BPNSs increased sharply from 196 ± 4 nm to 
277 ± 12 nm, while the surface potential increased from − 19 ± 2 mV to 
− 2 ± 2 mV, confirming the non-covalent interaction between BPNSs 
and VEGF. Due to the random absorption of VEGF onto BPNSs, the size 
distribution of VEGF-BPNSs was relatively wide. It is known that the 
isoelectric point of VEGF is 8.5, and VEGF has a positive charge at 
neutral pH [42], while BPNSs have a negative surface charge with a 
layer gap about 5.24 Å [43]. VEGF can be adsorbed on the surface of 
BPNSs or embedded in the interlayer space through electrostatic inter
action, resulting in a decrease in the negative charge density and an 
increase in the particle size of BPNSs. Therefore, these results suggested 
the non-covalent binding of VEGF onto BPNSs. 

3.3. Gel-scaffold construct and VEGF delivery 

In the physiological environment, growth factor VEGF is easily 
degraded to lose its bioactivity. Encapsulating VEGF with biomaterials 
can not only retain its activity, but also realize the sustainable release of 
VEGF at a specific defect site. The nano-enabled injectable BP/DNA 
hydrogel could serve as a promising VEGF delivery carrier and biolog
ical coating to activate inert implants. To verify our hypothesis, VEGF- 
BPNSs were physically embedded in the DNA physical network and 
then imparted into a 3D-printed PCL scaffold through direct injection to 
build a gel-scaffold construct. The pristine DNA hydrogel, BP/DNA 
hydrogel and VEGF-BP/DNA hydrogel coated PCL scaffolds were named 
as DNA + PCL, BP/DNA + PCL and VEGF-BP/DNA + PCL, respectively. 

As shown in Fig. 5a, it can be found that the PCL scaffold appeared a 
relatively regular porous structure with an average pore size of 500 μm, 
and the diameter of filaments was about 300 μm. DNA and BP/DNA 
hydrogels were homogeneously filled into the scaffolds, and the loaded 
VEGF had insignificant influence on the network structure of BP/DNA 
hydrogel. The analogue extracellular matrix and proper hydrophilic 
surface of implant materials could be beneficial to cell growth [44]. The 
average contact angle of the PCL sheet was 77.7◦, presenting a relatively 
hydrophobic surface. However, the average contact angles of the PCL 

sheets coated with DNA, BP/DNA and VEGF-BP/DNA hydrogels 
decreased to 39.0◦, 38.5◦and 36.6◦, respectively (Fig. 5b and c). This 
finding revealed that the DNA-based hydrogels can effectively wet PCL 
scaffolds. 

We monitored the release of VEGF from the gel-scaffold constructs 
over a period of 6 days (Fig. 5d). In the initial two days, VEGF diffused 
rapidly and showed a burst release from the VEGF-DNA + PCL construct, 
while the VEGF-BP/DNA + PCL construct demonstrated a much slower 
release behaviour. The release rate of VEGF gradually decreased and 
stabilized with time afterwards. On the 6th day, the cumulative release 
of VEGF in VEGF-DNA + PCL construct was close to 95% of the total 
VEGF loading, which was much higher than that of VEGF in the VEGF- 
BP/DNA + PCL construct, implying enhanced retention of VEGF in the 
hydrogel containing BPNSs. It can be explained that the high perme
ability and weak internal cross-linking network of pristine DNA hydro
gel led to the rapid release of VEGF. On the contrary, the relatively 
compact crosslinking network in the BP/DNA + PCL construct hindered 
the rapid diffusion of VEGF, and the interactions between BPNSs and 
VEGF also contributed to the long-term retention of VEGF. 

It is important to confirm that the VEGF released from VEGF-BP/ 
DNA + PCL construct still retained its biological activity. The migration 
ability of HUVECs was often regarded as an index to evaluate the 
bioactivity of VEGF. The wound healing experiment was used to assess 
the migration behaviour of HUVECs (Fig. 5e). Scratch area formed by 
HUVECs was regular with a gap of 500 μm, ensuring that the initial state 
between groups was consistent. After culturing HUVECs with the 
extract-containing medium for 12 h, HUVECs of VEGF-BP/DNA + PCL 
construct significantly promoted the migration of HUVECs to the middle 
of the scratch, which was similar to the cell migration observed in the 
VEGF group. Specifically, HUVECs of the VEGF-BP/DNA + PCL 
construct covered 54% of the total scratch area, HUVECs of the blank 
group only covered 30% of the scratched area (Fig. 5f). It was worth 
noting that the amount of cell migration in the VEGF-DNA + PCL and 
VEGF-BP/DNA + PCL groups was higher than that in the VEGF group, 
which may be due to the higher concentration of VEGF contained in the 
extraction solutions of these two groups than that in the VEGF group (20 
ng/mL). The above results clearly suggested that the VEGF released from 
the VEGF-BP/DNA + PCL construct could stimulate the migration of 
HUVECs, confirming that the released VEGF retained its biological 
activity. 

Fig. 5. The morphology and VEGF delivery of gel-scaffold constructs. (a) SEM images of gel-scaffold constructs. (b) Water droplets and (c) contact angles on the PCL 
sheet and hydrogel-coated PCL sheets. (d) The release profiles of VEGF from the gel-scaffold constructs. (e) The stimulation effect of released VEGF on HUVECs 
migration. (f) HUVECs migration closure rate of the scratch after 12 h *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4. Gel-scaffold construct enhances in vitro angiogenesis 

The cytocompatibility of gel-scaffold constructs was evaluated by 
performing CCK-8 assay. As shown in Fig. 6a, all samples had negligible 
influence on HUVECs viability, and remarkably, the BP/DNA + PCL 
construct loaded with VEGF can effectively promote the proliferation of 
HUVECs. This result revealed the good cytocompatibility of the gel- 
scaffolds and the positive regulation of HUVECs growth behaviour by 
VEGF. 

Adequate vascularization is essential for bone defect repair. The in
fluence of gel-scaffold construct on cellular angiogenesis was then 
compressively studied over a period of 3 days. In this study, the 
angiogenesis-related genes VWF, CD31 and PDGF-B were selected as 
HUVECs angiogenesis marker genes to evaluate the angiogenic perfor
mance of HUVECs in vitro. As shown in Fig. 6b, the expression of VWF, 
CD31 and PDGF-B genes of HUVECs in the VEGF-BP/DNA + PCL 
construct group was significantly up-regulated compared to other 
groups, which may be attributed to the effect of released VEGF. We 
further performed immunofluorescence staining on the VWF protein of 
HUVECs. As shown in Fig. 6c, the nuclei of HUVECs were stained blue, 
and VWF protein secreted by HUVECs was stained red. HUVECs in all 
groups could secrete VWF protein distributed in the extracellular matrix. 
HUVECs of construct showed significantly larger area of red fluores
cence, especially HUVECs of VEGF-BP/DNA + PCL construct, indicating 
that more VWF protein was secreted. The combination of the bioactive 
hydrogel matrix and the porous scaffold provided a matrix environment 

that was more conducive to the angiogenesis of HUVECs, and the 
loading of VEGF can significantly up-regulate the angiogenic markers 
expression of HUVECs, thereby promoting the angiogenesis of HUVECs. 

We further evaluated the effect of gel-scaffold constructs on tube 
formation ability of HUVECs in vitro (Fig. 6d). HUVECs of the PCL 
scaffold and VEGF-free constructs presented a scattered distribution. In 
contrast, the majority of HUVECs in VEGF-BP/DNA + PCL construct 
participated in the formation of tubes, thus there was a significant 
improvement on the ability of tube formation. To observe the formation 
of tubes more clearly, HUVECs were labelled with green fluorescence 
(Fig. 6e). The number of tubes formed by HUVECs of PCL scaffold, DNA 
+ PCL, BP/DNA + PCL and VEGF-BP/DNA + PCL constructs were 8, 9, 
12 and 33, respectively (Fig. 6f), indicating that VEGF-BP/DNA + PCL 
construct can significantly promote the tube formation performance of 
HUVECs in vitro. 

3.5. Gel-scaffold construct promotes in vitro osteogenic differentiation 

The effect of gel-scaffold constructs on the cell proliferation was 
evaluated by CCK-8 assay using bone mesenchymal stem cells (BMSCs). 
As shown in Fig. 7a, on the first day, there was no obvious difference in 
cell viability between the pristine PCL scaffold and gel-scaffold con
structs. With increasing cultivation time, the nano-enabled DNA gel- 
scaffold constructs can significantly promote the proliferation of 
BMSCs compared to the PCL scaffold, which could attribute to the 
synergistic effect of VEGF and BPNSs on BMSCs growth. 

Fig. 6. Effect of gel-scaffold constructs on angiogenesis of HUVECs. (a) The viability of HUVECs treated with the extracts of gel-scaffold constructs for 1, 3 and 5 
days. (b) mRNA expression of angiogenesis-related genes (VWF, CD31 and PDGF-B) of HUVECs cultured for 3 days. (c) Immunofluorescence images of HUVECs, the 
red fluorescent area represented the VWF protein, and the blue fluorescent area represented the nuclei. (d) Bright-field optical microscopy observation of tube 
formation of HUVECs. (e) Fluorescence images of HUVECs stained with Calcein-AM. (f) Number of tubes formed by HUVECs. *p < 0.05, **p < 0.01, ***p < 0.001. 
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The characteristic physical and biochemical cues of extracellular 
matrix (ECM) are important in regulating stem cell function and fate 
[45,46]. It is also possible to realize enhanced outcomes of tissue 
regeneration by regulating these ECM cues. In this study, the effect of 
nano-enabled DNA hydrogel on osteogenic responses of BMSCs were 
investigated by qualitative and quantitative evaluation of the activity of 
key marker genes of differentiation at day 7 and day 14. As shown in 
Fig. 7b, BMSCs of four groups all expressed the selected 
osteogenic-related marker genes, including Runx-2, ALP, OCN and OPN. 
The expression of ALP gene in the constructs was significantly higher 
than that in the PCL scaffold, indicating that the extracellular matrix-like 
environment of hydrogels effectively stimulated the expression of ALP. 
Different from the ALP, the combination of VEGF and BPNSs can syn
ergistically promote the expression of Runx-2, resulting in the expres
sion of Runx-2 in the VEGF-BP/DNA + PCL construct being significantly 
higher than that in other groups. In the late stage of osteogenic differ
entiation, the expression of OCN in the VEGF-BP/DNA + PCL construct 
was 2.9 times higher than that in the PCL scaffold. These results clearly 
demonstrated that the incorporated BPNSs and VEGF in the 
nano-enabled DNA hydrogel had a significant synergistic effect on 
accelerating the osteogenic differentiation process of BMSCs. 

In the physiological process of bone mineralization, the deposition of 
calcium phosphate crystals in the extracellular matrix occurs, which is 
essential for the process of bone regeneration and bone remodeling. The 
mineralized matrix produced by BMSCs was marked in red by Alizarin 
Red staining, as shown in Fig. 7c. The constructs containing BPNSs 
provided a favourable matrix environment for the formation of miner
alized matrix. Moreover, the loaded VEGF significantly enhanced the 
positive regulation of BPNSs on the osteogenic differentiation of BMSCs 
(Fig. 7d). Overall, in the absence of osteogenic growth factors, the for
mation of the mineralized matrix was mainly regulated by VEGF and 
BPNSs in the construct, thereby endowing the gel-scaffold construct 
with excellent osteoinductivity. 

3.6. In vivo bone regeneration of nano-enabled gel-scaffold constructs 

Finally, we assessed the bone regeneration potential of the gel- 
scaffold construct in a rat cranial defect model, procedure and 

timeline of in vivo implantation as shown in Fig. 8a. Microcomputed 
tomography (Micro-CT) reconstruction was performed on the bone 
defect site to assess cranium regeneration (Fig. 8b). The new bone 
mainly grew from the edge of defect toward the center and deposited 
along the direction of the scaffold filaments. Meanwhile, there was no 
obvious newly formed bone in the defect of blank group. On the con
trary, the PCL scaffold and the gel-scaffold constructs with suitable 
osteoconductivity promoted the growth of new bone. The VEGF-BP/ 
DNA + PCL construct demonstrated a superior capacity for cranial 
defect regeneration compared to other constructs, confirming that the 
BPNSs with VEGF angiogenesis ability exhibited outstanding perfor
mance for bone repair. The parameters related to new bone formation 
were shown in Fig. 8c. The highest bone formation percentage and 
density of new bone were observed in the VEGF-BP/DNA + PCL 
construct, indicating that BPNSs and VEGF provided an appropriate 
environment for bone regeneration. 

Hematoxylin and eosin (H&E) staining was used to evaluate the 
formation of new bone within the defect (Fig. 8d). There was a lot of 
fibrous tissue without newly bone formed in the bone defect of blank 
group. After the gel-scaffold construct was implanted, the hydrogel 
matrix inside the scaffold gradually degraded, resulting in the exposure 
of the porous structure. Due to the limited bone regeneration ability of 
the PCL scaffold and the DNA + PCL construct, there was only a little 
amount of new bone in the bone defect. On the contrary, the nano- 
enabled gel-scaffold constructs were more tightly bound to the host 
bone, and a large amount of new bone can be clearly observed in the 
bone defect area of the VEGF-BP/DNA + PCL construct, revealing its 
enhanced osseointegration. 

Masson staining was used to stain the collagen fibers to further assess 
the bone formation and bone maturity. The new and mature bone matrix 
were shown in blue and red after staining, respectively. The structural 
characteristics in Fig. 9a exhibited that the bone matrix in the VEGF-BP/ 
DNA + PCL construct showed the best structural integrity among all the 
groups. The regenerated bone was well bonded to the adjacent host bone 
in the nano-enabled gel-scaffold constructs, and VEGF associated with 
BPNSs can synergistically promote the formation and maturation of 
bone matrix. It was worth noting that there was obvious micro-vessel 
formation at the 4th week, while the number of micro-vessels 

Fig. 7. Effect of gel-scaffold constructs on osteogenic differentiation of BMSCs. (a) The viability of BMSCs treated with the extracts of gel-scaffold constructs for 1, 3 
and 5 days. (b) mRNA expression of osteogenic-related genes (Runx-2, ALP, OCN and OPN) of BMSCs cultured for 7 and 14 days. (c) Mineralized matrix stained by 
Alizarin Red after BMSCs were treated with the extracts for 14 days. (d) OD values of the mineralized matrix measured at a wavelength of 562 nm for quantitative 
analysis. *p < 0.05, **p < 0.01, ***p < 0.001. 
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decreased at the 8th week. The possible reason was that the micro- 
vessels formed by the differentiation of native cells inside the VEGF- 
BP/DNA gel-scaffold construct cannot effectively integrate with the 
blood vessels of the surrounding tissue, making the micro-vessels 
regress, leaving only part of the micro-vessels that grew into the scaf
fold from the surrounding tissue. Taken together, we speculated that 
both forms of vascularization including vascularization of native tissue 
growing into the construct and vascularization of native cell differenti
ation occurred. 

After further analysis of OCN immunohistochemical sections 
(Fig. 9b), it was found that the expression of OCN marker of gel-scaffold 
constructs containing BPNSs was more significant, that is, the yellow- 
brown positive expression area, indicating that BPNSs in the con
structs can effectively enhance the deposition of the bone mineralized 
matrix. By analyzing the CD31 immunofluorescence and immunohis
tochemical staining images (Fig. 9b–d), it demonstrated that the CD31 
positive expression area of VEGF-BP/DNA + PCL construct around the 

new bone matrix was significantly more than that of the blank group, 
PCL scaffold, DNA + PCL and BP/DNA + PCL constructs, and the new 
tissue of the VEGF-BP/DNA + PCL construct had more capillary struc
tures with obvious erythrocytes inside compared with other groups, 
suggesting the formation of early blood vessels and enhanced vascu
larized bone regeneration. 

Overall, the in vivo bone defect model results demonstrate the 
exciting possibility of VEGF-BP/DNA hydrogel as filling and repairing 
biomaterial for irregular non-load-bearing bone defect repair. Although 
the mechanical strength of VEGF-BP/DNA hydrogel is weak comparing 
to metal or inorganic scaffolds, it could serve as bioactive matrix in 
combination with high-strength porous scaffold for load-bearing bone 
regeneration. Also, it should be noted that functionalized hydrogel 
materials for treating bone defects have been developed rapidly, but we 
are still facing the fact that it could take a long time of stepping into 
clinical trial. Prospective pre-clinical studies of these hydrogels/scaf
folds are required in the future to further advance their development in 

Fig. 8. In vivo bone defect repair facilitated by the gel-scaffold constructs. (a) Procedure and timeline of gel-scaffold construct implantation. (b) Micro-CT images of 
cranial defects treated with constructs, including cross-sections and longitudinal sections. (c) Quantitative analysis of osteogenesis-related parameters, BV repre
sented the volume of new bone, TV represented the total volume of the defect and BMD represented the density of new bone. (d) H&E staining images of cranial 
defects after the implantation of gel-scaffold constructs for 4 and 8 weeks, NV indicated by the arrow represented for new blood vessels, and NB represented new bone 
tissue. *p < 0.05, **p < 0.01, ***p < 0.001. 
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the field of bone tissue engineering. 

4. Conclusions 

In conclusion, we have demonstrated an interesting strategy to 
endow inert 3D printed PCL scaffold with a dual regulatory effect on 
angiogenesis and osteogenesis for cranial bone regeneration. Imparting 
BPNSs into DNA dynamic hydrogel led to the mechanical reinforcement 
of the reversible network. The integrative nano-enabled gel-scaffold 
construct exhibited sustained release of VEGF due to the noncovalent 
interactions between VEGF and BPNSs. The in vivo results from a rat 
cranial defect model demonstrated that the gel-scaffold construct could 
synergistically promote osteogenesis and the growth of mature blood 
vessels to achieve enhanced bone regeneration outcomes. Taken 
together, the advances demonstrated in this study may open new op
portunities for the development of promising bioactive construct for 
bone tissue engineering. 
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