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A B S T R A C T   

Graphene oxide (GO) exhibits good mechanical and physicochemical characteristics and has extensive appli-
cation prospects in bone tissue engineering. However, its effect on angiogenesis is unclear, and its potential toxic 
effects are heavily disputed. Herein, we found that nanographene oxide (NGO) synthesized by one-step water 
electrolytic oxidation is smaller and shows superior biocompatibility. Moreover, NGO significantly enhanced 
angiogenesis in calvarial bone defect areas in vivo, providing a good microenvironment for bone regeneration. 
Endothelial tip cell differentiation is an important step in the initiation of angiogenesis. We verified that NGO 
activates endothelial tip cells by coupling with lysophosphatidic acid (LPA) in serum via strong hydrogen 
bonding interactions, which has not been reported. In addition, the mechanism by which NGO promotes 
angiogenesis was systematically studied. NGO-coupled LPA activates LPAR6 and facilitates the formation of 
migratory tip cells via Hippo/Yes-associated protein (YAP) independent of reactive oxygen species (ROS) 
stimulation or additional complex modifications. These results provide an effective strategy for the application of 
electrochemically derived NGO and more insight into NGO-mediated angiogenesis.   

1. Introduction 

Angiogenesis prior to bone regeneration and neovascularization is 
essential for bone engineering because it enables oxygen and nutrient 
delivery and waste removal and ultimately enhances cellular activity 
and osteogenesis. Thus, promoting the rapid growth of blood vessels and 
creating an optimal osteogenic microenvironment is key for successfully 
reconstructing bone defects. Several recent studies have demonstrated 
progress in bone reconstruction; however, sufficient vascularization in 
scaffold-based osteoinductivity remains an important problem that re-
quires an expedient solution [1]. 

Graphene oxide (GO) is an attractive nanomaterial for stem cell and 
bone tissue engineering due to its mechanical ductility, biological ac-
tivity and exceptional physicochemical properties [2,3]. These 

properties result from the contributions of GO to an environment 
conducive to the adhesion and proliferation of stem cells and their dif-
ferentiation towards osteogenic lineages [4,5]. However, the effect of 
GO on angiogenesis is unclear. Lai reported that bovine serum 
albumin-capped GO exhibits antiangiogenic effects via ultrastrong 
vascular endothelial growth factor adsorption [6]. Mukherjee et al. 
demonstrated that the angiogenic activity of GO at a low concentration 
is mediated by the production of reactive oxygen species (ROS) and 
reactive nitrogen species via the activation of endothelial nitric oxide 
synthase and protein kinase B [7,8]. However, ROS production in target 
cells is also the main mechanism of its potential cytotoxicity [9]. These 
discrepancies may be due to differences in the physicochemical char-
acteristics of nanomaterials and biological interactions between GO and 
specific cell types [10,11]. In addition, the contamination of GO with 
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impurities when prepared with the traditional method has an impact on 
its biological safety. Therefore, a green and improved synthetic strategy 
is needed to reduce the toxicity of nanomaterials and improve the sta-
bility of GO in biological applications. 

Angiogenesis is a dynamic and complex process originating in 
endothelial cells. Under the stimulation of angiogenic factors, activated 
endothelial tip cells extend filopodia and migrate to induce the sprout-
ing of new blood vessels. Simultaneously, a signal is transmitted to 
adjacent stalk cells, promoting proliferation and elongation. Moreover, 
endothelial tip cells can form a lumen by connecting with the tip cell of 
an adjacent sprouting blood vessel [12]. However, studies on the 
angiogenic effect of GO are mostly confined to its delivery of relative 
growth factors and the observation of newly formed blood vessels, and 
the interaction between GO and endothelial cells has been neglected. 
Specifically, no related studies regarding the effect and mechanisms 
involved in the complex process of angiogenesis have been performed. 

In this study, we successfully synthesized nanographene oxide (NGO) 
by novel water electrolytic oxidation to avoid impurity contamination 
and evaluated the effect of NGO on early angiogenesis in bone defect 
areas in vivo. Furthermore, in vitro experiments were conducted to 
uncover the possible mechanism underlying the biological behaviour of 
human umbilical vein endothelial cells (HUVECs) in response to NGO. 
This study helps to provide a basis for the biological application of NGO 
and reveal the effects of its biological interactions on angiogenesis. 

2. Methods 

2.1. Synthesis and characterization of NGO 

The NGO samples were synthesized in the Shenyang National Lab-
oratory for Materials Science as previously described [13]. The details 
are as follows: A GC panel and a platinum wire were inserted into an 
electrolytic cell (500 mL) containing 350 mL of diluted H2SO4 solution 
(50 wt%) as the anode and cathode, respectively, and then a constant 
potential of 3.5 V was applied. After the GC anode was fully oxidized and 
exfoliated to form a dark yellow solution, a dialysis bag was used to 
purify ENGO. The dry powders of ENGO were collected by vacuum 
freeze-drying. The size and morphology were visualized by atomic force 
microscopy (AFM) (Bruker Dimension edge) and transmission electron 
microscopy (TEM) (FEI Tecnai G2 f20 s-twin, 200 kV). Characterization 
by Raman spectroscopy (HORIBA JY LabRAM HR Evolution with 532 
nm laser) and X-ray photoelectron spectroscopy (XPS) (Thermo Fisher 
Scientific K-Alpha with 1486.6 eV) revealed the microstructure and 
chemical composition of NGO. The functional groups of NGO were 
further detected by Fourier transform infrared (FTIR) (Bruker VERTEX 
80). NGO sheets were suspended in distilled water or endothelial culture 
medium at a concentration of 0.1 mg/mL for 24 h, after which dynamic 
light scattering (DLS) analysis and the zeta potential of NGO were 
assessed using a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). 

2.2. Preparation of the gelatine methacryloyl (GelMA)/NGO scaffold 

The GelMA (EFL-GM-90) used in this work was provided by the 
Intelligent Manufacturing Research Institute of Suzhou, China [14]. 
GelMA and NGO were added to PBS at different ratios (0.1 wt%, 0.5 wt 
%, 1 wt%, 2 wt%, 5 wt% and 10 wt%). Each mixed solution was 
transferred into a round mould with a diameter of 5 mm and a depth of 1 
mm and cured under 405 nm visible light for 10 s. 

2.3. Rat model of calvarial bone defects 

Eight-week-old male Sprague-Dawley rats were purchased from the 
Southern Medical University Animal Center and used in the in vivo 
study. After acclimation to the cages for 1 week, thirty-nine rats were 
randomly divided into the following four groups (n = 6): control (sur-
gery without GelMA implantation), GelMA (GelMA implantation), 

NGO/GelMA (implantation of 0.1/0.5/1/2/5/10 wt% NGO/GelMA) 
and NGO/GelMA + Yes-associated protein (YAP) inhibitor (0.5 wt% 
NGO/GelMA + 10 μM verteporfin, Selleckchem). Under anaesthesia 
with sodium pentobarbital, a sizeable calvarial bone defect was created 
by drilling a 5-mm-diameter trephine burr on the left and right sides. 
Then, the defect area was filled with the different implants and closed by 
skin suturing. All procedures were performed under the supervision and 
approval of the Southern Medical University Ethics and Experimentation 
Committee (No. L2018157). 

2.4. Histological analysis 

After two weeks, the rats were euthanized with an overdose of so-
dium pentobarbital (0.5 mL/kg). The calvarial defect region was har-
vested, fixed in 4% paraformaldehyde and embedded in paraffin wax. 
The samples were cut into 5 μm thick serial sections for subsequent 
histological evaluation. Haematoxylin and eosin (HE) staining and CD31 
immunohistochemical assays were performed. Endomucin (Emcn)/ 
CD31 immunofluorescence (IF) staining was performed as follows. Tis-
sues sections were prepared from the groups. A rabbit anti-CD31 anti-
body (1:100, Bioswamp, China) and rat anti-Emcn antibody (1:100, 
Santa Cruz, USA) were used as the primary antibodies, and FITC- 
conjugated goat anti-rat IgG (1:200, Proteintech, USA) and goat anti- 
rabbit IgG-Alexa Fluor® 594 antibodies (1:200, Huabio, China) were 
used as the secondary antibodies. The stained tissue sections were 
mounted and imaged by fluorescence microscopy. Angiogenesis was 
quantified based on the percentage area of Emcn/CD31-positive 
microvessels in randomly selected fields of view. 

2.5. 3D images of newly formed blood vessels 

Two weeks after the operation, the rats were anaesthetized with 
sodium pentobarbital and administered rhodamine B (Sigma, Germany) 
by angular vein injection. The newly formed blood vessels within 3D 
images of the area with the bone defect were observed and evaluated 
based on under two-photon fluorescence microscopy images. 

2.6. Cell culture 

HUVECs were purchased from Cyagen Biosciences Inc. The cells 
were cultured in endothelial medium from the EGM-2 Bullet Kit (Lonza, 
Switzerland) supplemented with 10% foetal bovine serum (FBS) (Gibco, 
USA) and 1% penicillin/streptomycin (Gibco, USA) in a 5% CO2 incu-
bator at 37 ◦C. The cells used for subsequent experiments were between 
passages three and six. 

2.7. Cell proliferation 

Cells were seeded in 96-well plates and exposed to NGO at 0, 0.5, 1, 
5, 10, 20, 50, 100, 200 or 400 μg/mL for 6, 24, or 48 h. Then, a 10% 
CCK-8 (Dojindo Laboratories, Kumamoto, Japan) solution was added to 
each well, and the cells were incubated at 37 ◦C for 2 h. The absorbance 
of the supplement solution of each well was measured at 450 nm using a 
VersaMax microplate reader (Molecular Device, USA). 

2.8. Cell cycle progression 

The cells were seeded in 6-well plates and exposed to NGO at 0, 1, 5, 
20 or 50 μg/mL for 6, 24, or 48 h. The cells were collected and fixed 
using 70% ethanol overnight before they were stained with propidium 
(Beyotime, China) and analysed on a flow cytometer (BD FACSAria III, 
USA) based on labelled DNA. 

2.9. Wound healing assay 

HUVECs were seeded in 24-well plates. After the cells reached 70% 

W. Liu et al.                                                                                                                                                                                                                                      



Bioactive Materials 9 (2022) 92–104

94

confluence, a scratch in the wells was made with a sterile pipette tip (1 
mL). The nonadherent cells were removed with PBS, and reagents were 
added according to the appropriate experimental group. The cells were 
fixed and stained with crystal violet (Leagene, China) after 0 or 16 h. 
Images were acquired by using a stereomicroscope (Leica, Germany), 
and gap closure was analysed using ImageJ. 

2.10. Tube formation 

HUVECs were seeded in a 24-well plate overnight and treated ac-
cording to the experimental groups. Matrigel (BD Bioscience, USA) was 
added to a μ-Slide Angiogenesis plate (ibidi, Germany), and the samples 
were incubated at 37 ◦C for 30 min. Then, the obtained HUVECs were 
suspended at 2 × 105/mL and seeded in Matrigel-coated plates. After 3 
h, the cells were observed with a BX51 microscope (OLYMPUS, Japan), 
and the main segment length and numbers of nodes and meshes were 
also analysed using ImageJ. 

2.11. RNA-seq assay 

Total RNA was extracted from HUVEC samples exposed to 0 or 5 μg/ 
mL NGO using TRIzol reagent (Invitrogen, USA), and the quantity and 
purity of the RNA were evaluated. An RNA sequencing library was 
constructed, and transcriptome sequencing and data analysis were car-
ried out on the Illumina HiSeq platform (OmicStudio, China). 

2.12. Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was extracted from cells at 70% confluence in the 
different treatment groups with a RNeasy Mini kit (Foregene Biotec, 
China); then, the RNA was reverse transcribed (Takara Biotechnology, 
Japan) according to the manufacturer’s instructions. Quantitative PCR 
was performed with Advanced™ SYBR Green Super Mix (Takara 
Biotechnology, Japan) according to the manufacturer’s protocol. The 
relative mRNA expression levels of LPAR6, KDR, CD34, DLL4, ID1, ID2, 
HES1, and NOTCH1 were calculated and normalized to the expression of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

2.13. Western blotting 

Cells were seeded at 1.2 × 106 cells/well in 6-cm wells and treated 
according to the appropriate experimental group. Cellular protein was 
extracted from cells at 70% confluence by radioimmunoprecipitation 
assay lysis buffer (Santa Cruz, USA) from cells at 70% confluence of the 
cells, and protein concentrations were measured with a BCA protein 
assay kit (Thermo Scientific, USA). Then, the protein samples from the 
groups were resolved by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, and the proteins were then transferred to PVDF mem-
branes. The membranes were blocked with 5% BSA in Tris-buffered 
saline containing 0.1% Tween 20 (TBST) at room temperature for 1 h. 
The primary antibodies anti-CD34 (1:1000, Santa Cruz, USA), anti-DLL4 
(1:500, Proteintech, USA), anti-KDR (1:1000, Proteintech, USA), anti- 
LPAR6 (1:500, Boster, China), anti-RhoA (1:1000, Huabio, China), anti- 
ROCK1 (1:1000, Huabio, China), anti-Lats1 (1:1000, Cell Signaling 
Technology, USA), anti-p-YAP Ser127 (1:1000, Cell Signaling Technol-
ogy, USA), anti-YAP1 (1:1000, Proteintech, USA) and anti-GAPDH 
(1:1000, Proteintech, USA) were incubated with the membranes over-
night at 4 ◦C. After washing with TBST, the membranes were incubated 
at room temperature for 1 h with HRP-conjugated anti-rabbit IgG or 
anti-mouse IgG (1:2000, Cell Signaling Technology, USA). The protein 
bands were visualized using an enhanced chemiluminescence solution 
(Millipore, USA). 

2.14. Analysis of lysophosphatidic acid (LPA) by ELISA 

The solutions were centrifuged at 14,000 rpm for 20 min at 4 ◦C, and 

the supernatant was harvested. The LPA level was analysed with an LPA 
ELISA kit (MEIMIAN, China) according to the manufacturer’s protocols. 
The LPA standard solution (MEIMIAN, China) was prepared with BSA 
and LPA at a concentration ratio of 3:1. LPA is composed of 20:4/16:0/ 
18:2/18:1/18:0 species with equal concentration. The optical density 
was recorded by measuring absorbance at a wavelength of 450 nm using 
a microplate reader (Molecular Devices, USA). 

2.15. Preparation of BSA-FITC-labelled NGO 

NGO samples and BSA-FITC solution (Solarbio, China) were mixed at 
a ratio of 1:1 and incubated at 37 ◦C overnight in the dark. The mixed 
solutions were centrifuged at 16,000×g for 30 min at 4 ◦C. Finally, BSA- 
FITC-labelled NGO samples were collected and resuspended in culture 
medium. 

2.16. IF staining 

The cells were fixed with 4% paraformaldehyde for 30 min and 
blocked with 5% BSA for 1 h in the dark. After washing with PBS, the 
cells were incubated with anti-LPAR6 overnight at 4 ◦C and then goat 
anti-rabbit IgG-Alexa Fluor® 594 antibody (1:200, Huabio, China) for 1 
h at 37 ◦C. Then, the cells were incubated with a DAPI staining solution 
(Leagene, China) for 15 min and imaged by laser confocal microscopy 
(FV10i, Olympus, Japan). 

2.17. Detection of cellular ROS 

The cells were incubated in 6-well plates and exposed to 0, 1, 5, 20 or 
50 μg/mL NGO for 24 h. Cellular ROS levels were assayed after incu-
bation with 10 μM DCFH-DA (Beyotime, China) for 20 min. The mea-
surements were performed with a flow cytometer (BD FACSAria III, 
USA). 

2.18. Molecular dynamic (MD) simulations 

The optimization of the geometry of related molecules was per-
formed via the Gaussian 16 package at the level of B3LYP/def2tzvp, and 
vibration analysis was performed at the same level to ensure that there 
were no virtual frequencies. An acpepy script was employed to obtain 
the GAFF force field topology file. Packmol software was used for model 
construction, and the periodic box was set to 10 × 10 × 10 nm3. A 30 ns 
simulation was performed, and the bond length and angle were con-
strained by the LINCS algorithm. The two-way intercept was set to 1.2 
nm, van der Waals interaction, and the long-distance electrostatic 
interaction was set by the particle-mesh Ewald method. 

2.19. Statistical analyses 

All data are expressed as the mean ± standard deviation (SD) (n ≥ 3). 
Statistical comparisons were carried out using one-way ANOVA or 
Student’s t-test with GraphPad. Differences for which p < 0.05 were 
considered statistically significant. 

3. Results and discussion 

3.1. Characterization of NGO 

In this study, electrolytic oxidation of a glassy carbon anode was used 
to synthesize NGO as reported previously (Fig. S1a, Supporting Infor-
mation). AFM and TEM measurements showed that the thickness of 
NGO was less than 5 nm and the size of most NGO was less than 50 nm 
(Fig. 1a and b). Raman spectral characterization showed an obvious D 
peak at 1349 cm− 1 and a typical G peak at 1588 cm− 1 from NGO 
(Fig. 1c), indicating the presence of graphitic sp2 carbon regions and 
hybrid structure defects derived from oxygen-containing functional 
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groups and edges in the NGO sheets. Subsequent XPS spectra showed the 
presence of the chemical bonds C––C/C–C (284.8 eV), C–O (286.9 eV), 
and C––O (288.2 eV) and the obvious presence of O–C––O (288.8 eV) in 
NGO (Fig. 1d). The FTIR spectrum of NGO demonstrated the presence of 
typical oxygen-containing functional groups, including C–O vibration 
(1082 cm− 1), O–C–O vibration (1254 cm− 1), C––C vibration (1630 
cm− 1), strong C––O vibration (1742 cm− 1), and O–H stretching vibra-
tion (3424 cm− 1) (Fig. 1e). These results confirmed the successful 
preparation of GO with nanometre dimensions and a high degree of 
oxidation by electrochemical oxidation. The DLS data indicated that the 
size of NGO in aqueous solution is 27.34 ± 5.19 nm and that the zeta 
potential is − 60.8 ± 8.60 mV (Figs. S1b and c, Supporting Information), 
indicating the excellent dispersion of NGO in aqueous solutions [15]. 
Moreover, NGO also showed strong dispersion stability in cell culture 
medium (Figs. S1b and c, Supporting Information). 

Recently, GO has attracted increasing attention in biomedicine due 
to its specialized chemical structure, which consists of nanoscale 
graphitic sp2 domains, oxidized sp3 domains and carbon vacancy 

defects. However, the size of GO sheets usually varies from hundreds of 
nanometres to a few microns, which is not ideal for in vivo applications 
[16]. Luo et al. demonstrated that larger GO is more cytotoxic than 
smaller GO [17]. The term NGO is used to describe GO with smaller 
lateral dimensions, typically less than 100 nm. Lu et al. also reported 
that GO with a size of 50 nm is not toxic [18], and this size is similar to 
the size of the NGO used in the present study. In addition, the large 
edge-to-area ratio of NGO is enriched in carbonyl and carboxyl groups, 
which provide a more negative surface charge and superior colloidal 
stability [13]. These properties were confirmed by the characterization 
of NGO. Moreover, the physical properties of GO are closely correlated 
with cell behaviours [19–22]. Electrochemically derived NGO is more 
hydrophilic and smaller in size than GO, providing a basis for its bio-
logical application, which should be further evaluated in detail. 

3.2. Angiogenic effect of NGO in vivo 

Angiogenesis refers to the formation of new blood vessels from 

Fig. 1. Characterization of NGO. (a) AFM image of NGO showing the topography and height profile. (b) TEM image of NGO. Scale bar, 200 nm. (c) Raman spectrum 
of NGO. (d) C 1s XPS spectrum of NGO. (e) FTIR spectrum of NGO. 

Fig. 2. NGO promoted the formation of new 
blood vessels in a rat model of calvarial bone 
defects. (a) NGO/GelMA nanocomposites 
were implanted into the defect area of rat 
calvarial bones. (b) HE staining of the 
defective region in the different groups 2 
weeks after implantation. Scale bar, 100 μm. 
(c) CD31 immunohistochemical staining 
revealed newly formed blood vessels in the 
bone defect region 2 weeks after implanta-
tion. The results showed optimal lumen 
formation in the 0.5 wt% NGO/GelMA 
group (black arrows). Scale bar, 100 μm. (d) 
3D images showing angiogenesis in the rat 
calvarial defect area after 2 weeks indicate 
adequate support and the best angiogenesis 
in the defective area in the group treated 
with the 0.5 wt% NGO/GelMA scaffold. (e) 
CD31 and Emcn IF staining revealed the 
presence of newly formed H-type blood 
vessels in the bone defect region (white ar-
rows); the H-type blood vessel volume was 
quantified after 2 weeks. Data represent the 
mean ± SD (n = 6). Scale bars, 50 μm. **p <
0.005, ***p < 0.0001.   
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existing capillaries and is important for the healing of bone defects. 
Hence, this study assessed the effects of NGO on early angiogenesis in 
rats with calvarial bone defects. A GelMA hydrogel was used as a scaf-
fold in the bone defect area. GelMA and NGO/GelMA nanocomposites 
were implanted into the calvarial bone defect area (Fig. 2a), and the 
newly formed blood vessels were examined 2 weeks after the operation. 
The surgical wounds in all rats healed well without oedema or ulcers. No 
animals died or showed significant body weight changes in the different 
groups (Fig. S2c). Foreign rejection reactions were not detected in the 
histological sections. HE staining demonstrated the presence of newly 
formed typical lumen structures in the defect area in the different groups 
and a more regular arrangement of connective tissue in the GelMA and 
NGO/GelMA groups compared with those in the control group, even in 
scaffolds with higher NGO concentrations (Fig. 2b; Fig. S2a in the sup-
porting information). CD31 immunohistochemical analysis showed an 
increased number of newly formed blood vessels and greater lumen 
volume in the 0.5 wt% NGO/GelMA group than in the GelMA and 
control groups (Fig. 2c; Fig. S2b in the supporting information); this 
concentration of NGO/GelMA was within the safe ratio for most cell 
types and from in vivo tissue engineering references [23,24]. 
Three-dimensional images of blood vessels in the defect regions were 
obtained using intravenous injection of rhodamine B and multiphoton 
laser scanning microscopy to offer more intuitive information. The 
volume of newly formed blood vessels was significantly higher in the 
0.5 wt% NGO/GelMA group than in the other two groups. The image 
also showed that the addition of NGO provided better space support 
(Fig. 2d). 

H-type vessels can be identified by high levels of CD31 and Emcn 
expression; these vessels have been shown to couple angiogenesis and 
osteogenesis by regulating osteoblast activity [1]. As expected, the IF 
staining results showed that the density of CD31hiEmcnhi blood vessels 
in rat skull bone defects was significantly increased in the 0.5 wt% 
NGO/GelMA group compared with the GelMA and control groups 
(Fig. 2e). The percentage area containing H-type blood vessels in the 0.5 
wt % NGO/GelMA group was approximately 1.58%, whereas that in the 
GelMA and control groups was approximately 0.84% and 0.25%, 
respectively. These results show that more H-type blood vessels were 
present within the NGO-treated defective areas, which may accelerate 
new bone regeneration. 

As GO fillers impart good mechanical performance and osteo-
conductivity, they have attracted considerable attention for their 
application as nanocomposites for bone tissue engineering [25,26]. 
Angiogenesis precedes osteogenesis, and a large number of osteopro-
genitors are recruited and distributed around H-type blood vessels. 
Previous studies have investigated implanted GO as a delivery system 
for proangiogenic factors or metal ions to achieve better angiogenesis 
[27,28]. NGO can maintain ideal stability and is small in size; however, 
the angiogenic effects of NGO have not been described. GelMA, 
composed of gelatine and methacrylic anhydride, is similar to the 
extracellular matrix and has attracted increasing attention in the field of 
tissue engineering. It has excellent biocompatibility and biodegrad-
ability without inductive osteogenesis capacity [29]. The GelMA scaf-
fold complex with NGO was used in the present study to explore the 
angiogenic effect of NGO in vivo. Our results demonstrated that the 
appropriate introduction of NGO induced a significant increase in early 
neovascularization and provided an optimal microenvironment for 
osteogenesis. 

3.3. NGO promoted endothelial tip cell migration and tube formation in 
vitro 

To better understand the intricate regulation of angiogenesis, the 
potential biological effects of NGO on endothelial cells were further 
explored in vitro. Initially, the viability of HUVECs was evaluated after 
incubation with NGO. HUVECs were cultured in the presence of NGO at 
various concentrations for 6, 24 and 48 h, and the medium was replaced 

with 10% CCK-8 solution for 2 h. Then, 100 μL of the medium from each 
well was transferred into a new 96-well plate, and the absorbance was 
measured. The results indicated no significant difference in HUVEC 
proliferation between the groups (Fig. 3a). This result is in agreement 
with the cell cycle detection data, which showed that treatment with 
NGO at increasing concentrations for 6, 24 and 48 h did not change the 
ratio of cells in each cell cycle phase (Fig. S3a, Supporting information). 
Even NGO at the highest concentration tested (400 μg/mL) did not affect 
the viability of the HUVECs (Fig. 3a). Our findings demonstrate that 
NGO can be considered a nanomaterial with good biocompatibility. 

Activated endothelial cells degrade the basement membrane and 
migrate towards proangiogenic growth factors, inducing cell assembly 
and new blood vessel formation (Fig. 3b). Cell migration is an important 
step during the process of angiogenesis [30]. The migration of HUVECs 
were cultured in complete endothelial culture medium with 0, 1, 5, 20 
and 50 μg/mL NGO was quantified by wound healing assay. The scratch 
area was visibly reduced after culture in the presence of NGO for 16 h. 
The wound area upon culture with NGO was smaller than that in the 
control group, especially in the group stimulated with 5 μg/mL NGO 
(Fig. 3c), and the wound in this group was nearly 95% healed. The tube 
formation assay is an effective method for the in vitro assessment and 
quantification of angiogenesis [1]. NGO promoted the formation of 
capillary tubes and networks in the tube formation assay. HUVECs were 
treated with NGO at various concentrations for 24 h, harvested and 
seeded onto Matrigel for 3 h of incubation. The master segment length 
and numbers of nodes and formed tube meshes were significantly 
increased in culture medium treated with NGO compared with the 
control culture. In particular, these parameters were nearly 2-fold 
greater in the 5 μg/mL NGO group than in the control group (Fig. 3d). 
These results suggest that NGO accelerates migration and enhances 
angiogenesis in endothelial cells. 

Endothelial tip cells migrate towards the defect area and connect 
with the neighbouring tip cells of new sprouts, inducing vascular lumen 
formation [12]. We next wondered whether accelerated cell migration 
and tube formation are involved in NGO-mediated endothelial tip cell 
differentiation. However, the role of NGO in the regulation of sprouting 
angiogenesis, especially the functions of tip and stalk cells, has not been 
previously explored. CD34 is an endothelial tip cell marker with high 
migratory activity [31]. Delta-like ligand4 (DLL4) is expressed at a high 
level in a vascular endothelial growth factor receptor II (KDR)-depend-
ent extension of filopodia in tip cells [32]. Total RNA was isolated from 
HUVECs incubated with NGO at various concentrations to identify 
changes in the expression patterns of these markers. Furthermore, 
RT-PCR was performed to determine the gene expression profiles of tip 
and stalk cells. The expression of KDR, DLL4, and CD34 was upregulated 
in the group treated with NGO at a low concentration (Fig. 3e). Spe-
cifically, the mRNA levels of KDR, DLL4, and CD34 were increased 1.5-, 
2- and 1.5-fold, respectively, after treatment with 5 μg/mL NGO for 24 h. 
The stalk cell gene profile, including the ID1, ID2, HES1, and NOTCH1 
genes, showed the opposite trend (Fig. 3f). The protein levels of KDR, 
DLL4, and CD34 in endothelial cells were quantified by western blotting, 
which showed that the expression of all 3 proteins was approximately 
2-fold higher in the group treated with 5 μg/mL NGO for 24 h than in the 
control group (Fig. 3g; Fig. S3b in supporting information). However, 
endothelial plasticity during angiogenesis is dynamic and depends on 
alterations in the microenvironment. DLL4-Notch signalling in the 
presence of close cell contacts induces tip-stalk switching, which may 
lead to a change in the cellular bioactivity of NGO with longer treatment 
times [33]. Our findings demonstrate for the first time that NGO facili-
tates the endothelial tip cell phenotype during the early stage of 
sprouting angiogenesis to promote cell migration and sprouting angio-
genesis. Thus, 5 μg/mL was selected as the optimal concentration of 
NGO for subsequent experiments. 
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3.4. NGO induced endothelial tip cell formation in HUVECs by binding 
LPA in the serum 

This study further explored the mechanism by which GO activates 
endothelial tip cells. Previous studies have revealed that GO participates 
in angiogenesis by regulating ROS production [7]. However, there was 
no significant difference in ROS production after treatment with NGO 
(Fig. S4a, Supporting information). This suggests that NGO promotes 
angiogenesis through other mechanisms. More interestingly, NGO 

mixed with serum in cell culture medium showed high stability over a 
long period of time, but the use of basal culture medium without serum 
as a dispersion solution resulted in a significant increase in the 
agglomeration and precipitation of NGO (Fig. 4a). These results indicate 
that serum can promote the stability of NGO in culture medium. Stable 
dispersion is important for the prospective applications of GO. However, 
destabilization of GO in the presence of bovine serum due to protein 
corona formation has been noted as an urgent problem to be solved [34]. 
In this study, NGO deposits attached to the cell membrane of HUVECs 

Fig. 3. Effect of NGO on angiogenesis in vitro. (a) HUVECs were incubated in endothelial culture medium (basal endothelial culture medium supplemented with 10% 
FBS) with NGO at a concentration gradient for 6, 24 and 48 h, and a CCK-8 assay was performed to determine cell viability. (b) Schematic of tip-stalk cell selection in 
angiogenesis. (c) Wound healing assay in HUVECs cultured in endothelial culture medium with 0, 1, 5, 20 or 50 μg/mL NGO for 16 h. The wound area (%) was 
measured using ImageJ. (d) Tube formation by HUVECs cultured in endothelial culture medium with 0, 1, 5, 20 or 50 μg/mL NGO for 24 h. The quantified master 
segment length (μm) and numbers of nodes and meshes are presented in a histogram. (e) The mRNA expression of tip cell-associated genes in HUVECs cultured in 
endothelial culture medium with 0, 1, 5, 20 or 50 μg/mL NGO for 24 h. (f) The mRNA expression of stalk cell-associated genes in HUVECs treated with 0, 1, 5, 20 or 
50 μg/mL NGO for 24 h. (g) Immunoblot detection of KDR, DLL4, and CD34 in HUVECs treated with NGO for 24 h. Data represent the mean ± SD (n = 3). *p < 0.05, 
**p < 0.005, ***p < 0.0001 compared with the control group. 
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Fig. 4. Characterization of NGO-adsorbed LPA. (a) Images of NGO dispersed in basal culture medium and complete culture medium (basal culture medium + FBS) 
for 0, 24, 48 and 72 h. (b) TEM images of HUVECs incubated with 5 μg/mL NGO for 24 h at 37 ◦C; the interface between NGO and the cell membrane is indicated by 
the white arrow. Scale bars, 200 nm. (c) Schematic illustrations showing the mechanism of NGO loading with LPA. Hydrogen bonds can be formed between NGO and 
LPA, or esterification reactions may occur. (d) The concentration of LPA in solution after incubation with 20, 50, 200 or 400 μg/mL NGO for 6, 24 or 48 h at 37 ◦C 
was measured with an ELISA kit. Error bars are standard deviation across three repetitive experiments. *p < 0.01, **p < 0.001, ***p < 0.0001. (e) FTIR analysis 
demonstrating typical vibrations corresponding to the chemical structure of LPA; the C––O vibration peak in NGO (5 μg/mL) was partially eliminated after incubation 
in the presence of LPA or FBS for 24 h at 37 ◦C. (f) XPS analysis showing that the content of P increased in NGO (5 μg/mL) after incubation in the presence of LPA or 
FBS for 24 h at 37 ◦C. (g) The self-assembly of NGO and LPA. (h) The binding energy of LPA-NGO during 30 ns simulations. (*Vdw represents van der Waals forces, 
Elec represents electrostatic interactions and Total represents the total binding energy). 
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did not include agglomerated material, as shown by TEM detection 
(Fig. 4b). As reported previously, the smaller size and reduced 
agglomeration of NGO enabled their cellular internalization relatively 
easily without causing significant cell damage as reported [34,35]. 
These data suggest that the biological application of NGO will attract 
great interest because of the superior cell compatibility and dispersion 
stability of NGO compared with those of GO and because the use of NGO 
does not require additional surface modifications or stabilizers. 

The excellent dispersibility of GO is facilitated by the formation of 
strong hydrogen bonds between the functional groups of GO and sol-
vents [36]. LPA is a critical component of serum that consists of a 
glycerol backbone, an aliphatic acid chain and a phosphate moiety [37]. 
These characteristics of the molecular structure of LPA suggest that LPA 
can form hydrogen bonds with the C––O group of NGO and that the 
carboxyl groups in NGO and hydroxyl groups in LPA may participate in 
esterification reactions (Fig. 4c). Thus, we hypothesized that LPA plays 
an important role in the interaction between NGO and serum. To assess 
our hypothesis, we mixed NGO and LPA and performed multiple ex-
periments. ELISA was used to assess the LPA concentration after the 
addition of NGO at a concentration gradient. The results showed that 
LPA levels in the solution were significantly decreased, accompanied by 
a concomitant increase in the NGO content at various time points, and 
that the effect was not time-dependent (Fig. 4d). A similar decrease in 
LPA concentration with a concomitant increase in NGO content was 
detected when NGO was added to FBS (Fig. S4b, Supporting informa-
tion). NGO was isolated after coincubation with LPA for 24 h at 37 ◦C. 
FTIR spectra showed the presence of functional groups corresponding to 
the P––O vibration (1224.8 cm− 1), P–O–P vibration (1057.0 cm− 1) and 
C–H vibration (2924.0 cm− 1 and 2852.6 cm− 1), in agreement with the 
chemical structure of LPA [38]. In addition, a reduction in the C––O 
vibration peak (1737–1741 cm− 1) was detected, possibly due to a 
chemical reaction between the C––O group and hydroxyl group of NGO 
and LPA, respectively (Fig. 4e). Consistent with the results of 
FTIR-mediated characterization of NGO treated with LPA, a vibration 
pattern typical of LPA and similar C––O vibration absorption changes 
were detected in NGO samples mixed with FBS (Fig. 4e). Further ex-
amination by XPS indicated that NGO is mainly composed of the ele-
ments C and O. The P/C contents of NGO treated with LPA or FBS 
increased to 5.36% and 2.43%, respectively, which are higher than those 
of NGO (0.14%) alone (Fig. 4f). To investigate the self-assembly pro-
cesses of NGO and LPA in an in-depth manner, we conducted further MD 
simulations, and the results suggested that the complex of NGO and LPA 
is easily formed in 0.1 ns and then remains stable (Fig. 4g). Moreover, as 
shown at 0.5 ns and 1 ns, the hydroxyl groups of NGO and LPA are in 
close proximity, which suggests that H-bond interactions may play a key 
role in the binding of NGO and LPA. The binding energy of this system 
was also studied via MD simulations. As shown inFig. 4h, the binding 
energy between NGO and LPA is approximately 750 kJ/mol which is 
relatively stable. 

NGO contains epoxy, hydroxyl carbonyl and carboxyl functional 
groups based on the aromatic ring plane, making these groups available 
for bioconjugation and endowing NGO with nanocarrier properties [39, 
40]. Noncovalent and covalent interactions are the most important in-
teractions between NGO and protein molecules. The abundant carboxyl 
groups in NGO provide a foundation for covalent reactions. Esterifica-
tion of hydroxy and carboxyl groups is the most likely covalent reaction 
that occurs between NGO and LPA. Although a change in the C––O vi-
bration peak was also found in the FTIR detection, further studies are 
needed to determine whether the ester bond is formed. On the other 
hand, noncovalent interactions between NGO and proteins allow for 
new biological effects. It has been found that there are noncovalent 
hydrophobic interactions and van der Waals interactions between the 
LPA lipophilic “tail” and GO [41,42]. The oxygen-containing functional 
groups of NGO and LPA also engage in strong noncovalent interactions 
via hydrogen bonds according to chemical formula analyses. Thus, 
physical adsorption and hydrogen bonding mainly play an important 

role in complex stabilization between NGO and LPA. The binding of LPA 
to NGO can also interfere with the kinetics of lipid extraction between 
NGO and the cellular membrane [43] and thus plays a key role in alle-
viating cytotoxicity. These results suggest that NGO can be functional-
ized with LPA via noncovalent linkages under physiological conditions 
thus enabling biological applications of NGO and have not been previ-
ously reported. However, it is unclear whether NGO promotes endo-
thelial cell angiogenesis by adsorbing LPA in serum. 

LPA is a small lipid signalling molecule in the serum and other body 
fluids. It has a wide range of biological functions and plays an important 
role in vascular development [44,45]. Thus, we assumed that the 
binding of local LPA and NGO forms a nanocarrier that accelerates 
angiogenesis independent of ROS stimulation or additional complex 
modifications; this assumption had not previously been studied. To 
further explore the functional effect of LPA in NGO-dependent angio-
genesis. Initially, we assessed the concentration of LPA in FBS using 
ELISA (Figure S4b, Supporting information). Then, an LPA standard 
solution (60 nmol/L) was added to the basal endothelial culture medium 
without serum in subsequent experiments. The results of the wound 
healing experiment clearly showed no significant difference in the 
wound area between the control and NGO groups cultured in basal 
endothelial cell medium without LPA. However, the wound area was 
reduced in response to treatment with NGO plus LPA by approximately 
50% compared with that detected upon treatment with NGO or LPA 
alone (Figure. 5a). The results of the tube formation experiments indi-
cated that the master segment length and numbers of nodes and meshes 
were significantly greater in the NGO plus LPA group than in the other 
groups, and there was no obvious difference in these parameters be-
tween the control and NGO groups in the absence of LPA (Fig. 5b). 
Double IF staining for CD34 and DLL4 showed that the number of 
endothelial tip cells was increased after treatment with NGO plus LPA; 
however, no significant upregulation was detected after treatment with 
NGO or LPA alone (Fig. 5c). Consistent with these data, the protein 
expression levels of the endothelial tip cell-related markers KDR, CD34 
and DLL4 were increased 3-, 2- and 2-fold, respectively, in the NGO plus 
LPA group compared with the group treated with NGO alone (Fig. 5d; 
Figure S4c in supporting information). These results verified that LPA in 
FBS is the key mediator by which NGO promotes angiogenesis in vitro. 

LPA has been shown to act on endothelial cells and regulate angio-
genesis by promoting cell proliferation, migration and tube formation. 
However, differences in the response to LPA in angiogenesis are likely to 
depend on cell type and culture conditions [46,47]. Yatomi et al. re-
ported that LPA induces the cytoskeletal reorganization of HUVECs 
without affecting their proliferation [48], which is in agreement with 
our results. Furthermore, LPA itself does not induce directional migra-
tion in HUVECs, similar to the results in the LPA group observed in the 
present study. However, the high plasticity of HUVECs enhances their 
sensitivity to specific conditions, including cell density or signal con-
centration [46]. Enhanced migration was mediated by LPA plus NGO, 
possibly due to the interaction of LPA and NGO. The binding of LPA to 
NGO may change the subtypes and biological activities of LPA, influ-
encing the distribution of LPA within a specific context, and may acti-
vate various signalling molecules. Furthermore, the interaction of LPA 
and NGO upregulated the expression of KDR, DLL4 and CD34 in 
HUVECs, which resulted in tip cell positioning and proangiogenic 
sprouting. Thus, the regulatory effect of NGO on angiogenesis may be 
associated with LPA loading, which has not been reported. Overall, these 
data highlight the effects of NGO on endothelial tip cell behaviour and 
provide insights into the biological significance of NGO loading. 

3.5. NGO-bound LPA activated endothelial tip cells via the Hippo-YAP 
signalling pathway 

Differences in gene expression in HUVECs exposed to NGO (0 vs. 5 
μg/mL for 24 h) were detected using RNA-seq to determine the molec-
ular mechanism of the NGO–cell interaction. The results of gene 

W. Liu et al.                                                                                                                                                                                                                                      



Bioactive Materials 9 (2022) 92–104

100

ontology enrichment analysis showed that certain differentially 
expressed genes were enriched in the G protein-coupled receptor 
(GPCR) signalling, angiogenesis and cytoskeleton categories. The Hippo 
signalling pathway was also enriched in the differentially expressed 
genes, according to Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis (Fig. 6a, b). 

LPA regulates downstream signalling through the GPCRs LPAR1-6, 
which plays an important role in signal transduction [37]. We detec-
ted the expression of different LPA receptors by RT-PCR and confirmed 
that the gene expression of LPAR6 was increased in the group treated 
with 5 μg/mL NGO for 24 h compared with the control group (Fig. S5a), 
which is in agreement with the RNA-seq result (Fig. 6c). The results of 
laser confocal microscopy indicated that LPAR6 expression was 

upregulated and coincident with BSA-FITC labelled NGO (Fig. 6d). As 
shown in MD simulations, the complex of NGO and LPA is stable and 
became closer together with LPAR6 protein finally (Fig. S6, Supporting 
information). Moreover, cell migration and tube formation were 
decreased in the LPAR6-knockdown group with NGO treatment, and the 
expression of endothelial tip cell-related markers was also down-
regulated (Fig. S5c, d, e, f, Supporting information). This result is 
consistent with the role of LPAR6 in developmental angiogenesis [45, 
49]. LPAR6, initially identified as an orphan receptor in 2009 [50], is 
highly expressed in HUVECs [49]. According to the structure of LPAR6, 
the ligand-binding pocket and positively charged residues recognize the 
acyl chain and phosphate head group in the NGO-LPA complex, thus 
triggering receptor activity [51]. LPAR6 inhibits the activity of adenylyl 

Fig. 5. NGO-adsorbed LPA increased tip cell differentiation. (a) Wound healing assay of HUVECs cultured in basal culture medium without FBS or basal culture 
medium supplemented with NGO, NGO/LPA or LPA for 24 h. The wound areas (%) in the different groups were subjected to statistical analysis. (b) Tube formation 
assay in HUVECs cultured in basal culture medium in the absence or presence of NGO, NGO/LPA or LPA for 24 h. The results of quantitative analysis of the master 
segment length (μm) and numbers of nodes and meshes are presented in a histogram. (c) IF images showing CD34− and DLL4-positive cells in the groups. Scale bar, 
100 μm. (d) Immunoblot analysis of KDR, CD34, and DLL4 in HUVECs treated with basal culture medium containing NGO, NGO/LPA or LPA for 24 h. Data represent 
the mean ± SD (n = 3). *p < 0.05, **p < 0.005. 
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Fig. 6. NGO activates endothelial tip cells via the LPAR6-Hippo-YAP signalling pathway. (a) Gene ontology analysis revealed the enrichment of biological processes, 
such as cell differentiation, angiogenesis and GPCRs, and cellular components involving the cytoskeleton. (b) The Hippo signalling pathway was enriched in the 
differentially expressed genes according to KEGG analysis. (c) The mRNA expression levels of LPAR1-6 in HUVECs treated with 0 or 5 μg/mL NGO for 24 h in RNA- 
seq detection. (d) Laser confocal microscopy showing that LPAR6 expression was upregulated in areas containing BSA-FITC labelled NGO. Scale bar, 20 μm. (e) 
Protein levels of LPAR6, RhoA, ROCK1, Lats1, p-YAP Ser127 and YAP1 in HUVECs treated with 0 or 5 μg/mL for 24 h were measured by western blotting. (f) 
Treatment with siRNA targeting YAP (200 nM) caused downregulation of the protein levels of KDR, DLL4, and CD34. (g) Wound healing assay of HUVECs treated 
with or without siYAP for 24 h in the NGO group. The wound area (%) was measured using ImageJ. (h) A tube formation assay was performed with HUVECs treated 
with siControl or siYAP and stimulated with NGO for 24 h. Quantitative analysis of the master segment length (μm) and numbers of nodes and meshes in the 
endothelial network. Data represent the mean ± SD (n = 3). *p < 0.05. 
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cyclase by coupling with the Gi protein, thus reducing the intracellular 
cAMP content [52]. In addition, LPAR6 binds the Gα12/α13 protein and 
subsequently activates the downstream Rho signalling pathway and 
gene transcription, leading to actin polymerization and promoting cell 
proliferation and migration [45,49]. NGO treatment was found by gene 
ontology enrichment analysis to affect the cytoskeleton, which may 
facilitate filopodia formation and cell migration. Western blot analysis 
showed that the protein expression of LPAR6, RhoA and ROCK1 was 
increased in the group treated with 5 μg/mL NGO compared with that in 
the control group (Fig. 6e; Fig. S5b in supporting information). The 
involvement of RhoA/ROCK signalling is consistent with a recent report 
that LPA induces actin stress fibre formation in endothelial cells [49]. 
This effect in the NGO group was reversed by targeting LPAR6 with 
siRNAs. 

Stress fibre formation does not necessarily induce cell migration. The 
actomyosin cytoskeleton inhibits Lats1/2, kinases of the Hippo pathway, 
and thereby induces the nuclear translocation of YAP [53]. YAP is the 
main mediator of GPCR activity and cell migration and can regulate KDR 
activity [54]. The RNA-seq results obtained in the present study indi-
cated that YAP1 was one of the significantly upregulated differentially 
expressed genes in NGO-treated HUVECs compared to control HUVECs. 
Consistently, the expression of Lats1 and p-YAP Ser127 in HUVECs 
treated with 5 μg/mL NGO was decreased by one-third compared with 
that in the control group, and the protein expression of YAP1 was 
significantly upregulated (Fig. 6e;Fig. S5b in supporting information). 
Therefore, we hypothesized that YAP plays a key role in NGO-induced 
endothelial tip cell angiogenesis. To test this hypothesis, RNA 
interference-mediated silencing of YAP was performed prior to NGO 
treatment. The protein expression levels of KDR, DLL4 and CD34 were 
significantly reduced by 26%, 40% and 29%, respectively, in the 
YAP-knockdown group (Fig. 6f;Fig. S5g in supporting information). The 
results of the wound healing assay showed that the wound area was 
larger in HUVECs with YAP knockdown than in siControl-transfected 
HUVECs (Fig. 6g). Silencing YAP diminished NGO-induced formation 
of nascent tubes, which was confirmed by a decrease in the master 
segment length and numbers of nodes and meshes (Fig. 6h). However, 
the cytoplasmic and nuclear localization of YAP contributes to the 
growth and integrity of the blood vessel network. During angiogenesis, 
YAP is mainly localized in the nucleus at the endothelial sprouting area. 
Mice with conditional knockout of YAP exhibit mild vascular defects 

[55,56]. Min et al. demonstrated that YAP regulates Dickkopf2 and 
promotes angiogenesis in rodent and human endothelial cells by regu-
lating filopodial dynamics and angiogenic sprouting [57]. Interestingly, 
Sakabe et al. demonstrated that cytoplasmic YAP plays an important role 
in promoting cell migration by activating cell division cycle 42 protein 
[58]. The difference in these results may be largely due to the status of 
the cell contacts. Endothelial YAP activity was upregulated when 
VE-cadherin expression or cell junctions were lost in vitro [56], coin-
cident with the cell density used in our study. Thus, YAP translocation to 
the nucleus may favours cell migration and rearrangement, further 
increasing VE-cadherin expression to maintain the junctional integrity 
required for lumen formation. The data reported in the present study 
provide new insight into the angiogenic effect of NGO, demonstrating 
that NGO-bound LPA enhances endothelial tip cell selection and 
angiogenesis via the LPAR6-Hippo-YAP signalling pathway. 

The concentration of NGO nanocomposite optimal for angiogenesis 
in a rat model of bone defects was determined to be 0.5 wt%, and sub-
sequent studies of the role of YAP in NGO-mediated angiogenesis in vivo 
were performed at this concentration. In a rat model of calvarial bone 
defects, the defect regions in the groups treated with the NGO scaffold or 
NGO scaffold and the YAP inhibitor verteporfin were compared. The 
number and density of newly formed blood vessels, which were posi-
tively stained for CD31, were significantly lower in the verteporfin/NGO 
group than in the NGO group (Fig. 7a and b). 3D images of blood vessels 
in the defective site supported the results of the histological analysis 
(Fig. 7c). Moreover, the formation of H-type blood vessels 
(CD31hiEmcnhi) in the verteporfin/NGO hydrogel scaffold group was 
significantly reduced by nearly 80% compared with that in the NGO 
scaffold group (Fig. 7d). 

4. Conclusions 

Here, we have demonstrated that electrochemically derived NGO has 
good dispersion stability and biocompatibility. Furthermore, we char-
acterized the interaction between NGO and LPA in physiological fluids 
and evaluated the underlying mechanisms of their interaction. We found 
that the binding of NGO with LPA in serum activated LPAR6 and 
induced endothelial tip cells by Hippo-YAP signalling, facilitating 
angiogenesis in vitro and in vivo (Fig. 8). In general, our study presents 
the results of a comprehensive evaluation of the intricate mechanism of 

Fig. 7. The role of YAP in NGO-promoted 
angiogenesis in vivo. (a) HE staining and 
(b) CD31 immunohistochemical staining of 
the defective region 2 weeks after implan-
tation in the NGO/GelMA groups with or 
without the YAP inhibitor verteporfin (10 
μM). Scale bar, 100 μm. (c) 3D images of 
angiogenesis in the area of the calvarial 
defect 2 weeks after surgery. (d) CD31 and 
Emcn IF double staining revealing newly 
formed H-type blood vessels in the bone 
defect region (Scale bar, 50 μm), and the 
percentages of H-type blood vessels 2 weeks 
after surgery in rats treated with or without 
verteporfin were quantified. Data represent 
the mean ± SD (n = 6). ***p < 0.0001.   
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angiogenesis regulation. These data provide new information to 
improve our understanding of how nanomaterials induce biological ef-
fects and assist in extending the application of NGO as an ideal modified 
scaffold for tissue regeneration. Additional in-depth studies of endo-
thelial cell differentiation will provide new ideas for scaffold design. 
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