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Abstract
Graphene oxide quantum dots (GOQDs) possess excellent biocompatibility and have 
demonstrated potential to enhance osteogenesis and angiogenesis. The objective 
of this work was to construct Ti6Al4V porous scaffolds modified with different GOQD 
concentrations and investigate their influence on osteogenesis and angiogenesis. 
Porous Ti6Al4V scaffolds were coated with GOQDs at concentrations of 0.1, 1, and 
10 μg/mL. The proliferation and adhesion of bone marrow mesenchymal stem cells 
(BMSCs) and human umbilical vein endothelial cells (HUVECs) on these scaffolds 
were evaluated using CCK-8 assay, immunofluorescence staining, and real time-
polymerase chain reaction (RT-PCR). In vivo bone regeneration and angiogenesis 
were assessed through micro-computed tomography imaging and tissue section 
staining analysis. The results demonstrated successful deposition of GOQDs and 
the presence of characteristic functional groups. In vitro assays demonstrated that 
scaffolds coated with 0.1 μg/mL GOQDs significantly promoted the osteogenic/
angiogenic differentiation of BMSCs and HUVECs. In vivo experiments revealed 
that the 0.1 μg/mL GOQDs-coated scaffold (GQ@TC4) significantly enhanced bone 
formation and vascularization after 12 weeks. These findings suggest that Ti6Al4V 
biomimetic porous scaffolds functionalized with an optimal concentration (0.1 μg/
mL) of GOQDs can effectively promote both osteogenesis and angiogenesis, offering 
a promising strategy for bone defect repair.
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1. Introduction
Bone defects resulting from tumors, infections, trauma, 
and congenital deformities are common in oral and 
maxillofacial surgery. Achieving efficient and predictable 
bone regeneration remains a major clinical challenge.1 
Currently, vascularized autografts or allografts are widely 
used for bone defect repair. However, their application is 
limited by donor site availability, associated complications, 
and delayed bone healing. Moreover, systemic conditions, 
such as diabetes and local inflammation, can significantly 
impair the regenerative capacity of bone tissue.2,3

An ideal bone graft substitute should meet the following 
criteria: mechanical properties compatible with native bone 
(e.g., high strength and appropriate elastic modulus) to 
provide structural support and biomechanical stimulation; 
excellent osteogenic and angiogenic capabilities to facilitate 
vascularized bone regeneration; and superior interfacial 
compatibility to promote implant–host bone integration. 
To date, no single material fully meets the requirements for 
repairing large-scale bone defects.

Ti6Al4V alloy scaffolds have been widely utilized in 
orthopedics and maxillofacial surgery.4–7 However, their 
bioinert surfaces tend to form fibrous interfaces with 
surrounding bone tissue, compromising osseointegration.8 
Furthermore, the elastic modulus of Ti6Al4V greatly 
exceeds that of native bone, which may lead to stress 
shielding effects, implant instability, and eventual failure.9,10

Studies have demonstrated that introducing porous 
architecture into Ti6Al4V scaffolds can effectively reduce 
their bulk elastic modulus and significantly enhance the 
adhesion, proliferation, and differentiation of osteoblasts 
by optimizing pore parameters, such as pore size, porosity, 
and irregularity.11,12 Among these, trabecular bone-
mimicking irregular porous structures exhibit superior 
biological performance due to their closer resemblance 
to the microarchitecture of native bone.13,14 For instance, 
Kapat et al.14 reported that an irregular foam scaffold with 
70% porosity significantly enhanced osteogenic potential. 
Our prior study also demonstrated that irregular porous 
scaffolds with an average pore size of 525 μm effectively 
enhanced both osteogenesis and angiogenesis.15–17 
Similarly, Jung et al.18,19 have systematically optimized pore 
geometry and structural characteristics of porous titanium 
scaffolds to enhance osteoconductivity and mechanical 
properties, offering valuable insights for scaffold design. 
However, despite the improved mechanical performance 
and cellular response afforded by porosity, the intrinsic 
bioinertness of Ti6Al4V still limits its ability to induce 
vascularized bone regeneration, necessitating further 
surface functionalization.

Surface modification of titanium scaffolds includes 
both physical and chemical approaches, such as 
coating, electrochemical treatment, and chemical vapor 
deposition.20,21 Among these, functional coating by 
spraying is an efficient physical strategy using materials 
like metal nanoparticles, hydroxyapatite, or graphene 
derivatives.22–24 Graphene coatings have been verified 
to enhance the bioactivity of titanium-based scaffolds, 
improve the osteogenic differentiation of bone marrow 
mesenchymal stem cells (BMSCs), and reduce immune 
rejection and inflammation.25 Graphite oxide quantum 
dots (GOQDs), a graphene derivative, exhibit quantum 
size effects and good water dispersibility, along with lower 
cytotoxicity and superior biocompatibility compared 
to conventional GO.26,27 Our previous work confirmed 
that GOQDs significantly promote the proliferation and 
osteogenic differentiation of both deciduous dental pulp 
stem cells and mesenchymal stem cells.28,29 Furthermore, 
the biological activity of GOQDs is dose-dependent. 
While low concentrations are beneficial for maintaining 
cell viability and enhancing osteogenic differentiation, 
concentrations exceeding 10 μg/mL have been reported 
to inhibit cell proliferation.30,31 Given our earlier results 
indicating that 0.1 and 1 μg/mL GOQDs enhance BMSC 
behavior,32 these concentrations were selected as low-dose 
groups, with 10 μg/mL serving as the high-dose reference 
in this study.

Based on this foundation, we hypothesize that 
constructing an optimal concentration of GOQDs coating 
on biomimetic trabecular porous Ti6Al4V scaffolds can 
synergistically enhance mechanical compatibility and 
biofunctionality, providing both structural support and 
osteogenic/angiogenic stimulation. Therefore, this study 
aims to functionalize biomimetic porous Ti6Al4V scaffolds 
with low-concentration GOQDs, assess their effects 
through co-culture with BMSCs and human umbilical vein 
endothelial cells (HUVECs), and validate the osteogenic 
and angiogenic efficacy via in vivo experiments. The results 
are expected to provide new insights and theoretical 
guidance for the design of advanced bone graft substitutes 
and promote their clinical translation.

2. Materials and methods
2.1. Preparation of GOQD-modified  
biomimetic scaffolds
The GOQD stock solution (1 mg/mL) (Nanjing 
XFNANO Materials, China) was ultrasonicated to achieve 
homogeneous dispersion and then diluted with deionized 
water. The final concentrations of GOQDs (0.1, 1, and 
10 μg/mL) were prepared for subsequent experiments. 
Ti6Al4V biomimetic porous scaffolds with an actual pore 
size of 525 μm were printed using an electron beam melting 
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(EBM) system (A1, ARCAM, Sweden), as previously 
reported.16 For in vitro studies, the scaffolds were 10 mm 
in diameter and 2 mm in thickness; for in vivo studies, 
the scaffolds measured 5 mm in diameter and 8 mm in 
thickness (Figure 1A). The spray-coating method was used 
to prepare GOQD coatings with different concentrations 
on the surface of Ti6Al4V biomimetic porous scaffolds. 
Four experimental groups were established: (i) control: 
untreated Ti6Al4V porous scaffolds; (ii) GQ0.1@TC4: 
Ti6Al4V scaffolds coated with 0.1 μg/mL GOQD solution; 
(iii) GQ1@TC4: Ti6Al4V scaffolds coated with 1 μg/mL 
GOQD solution; and (iv) GQ10@TC4: Ti6Al4V scaffolds 
coated with 10 μg/mL GOQD solution. 

Ti6Al4V porous scaffolds with an actual pore size 
of 525 μm were selected and cleaned three times with 
anhydrous ethanol to remove surface dust and grease. 
The scaffolds were then dried and subjected to plasma 
treatment to enhance surface hydrophilicity and coating 
adhesion. After treatment, the scaffolds were placed on 
a 100°C heating platform, and the pre-prepared GOQD 
solutions (0.1, 1, and 10 μg/mL) were uniformly sprayed 
onto the scaffold surfaces using a spray gun. As the solvent 
evaporated, a uniform GOQD coating was formed. Finally, 
the coated scaffolds were baked in a 100°C oven for  
2–3 h to obtain GOQD-modified Ti6Al4V porous scaffolds 
(Figure 1A).

2.2. GOQD-modified biomimetic 
scaffold characterization
X-ray powder diffraction (XRD) was carried out using a 
Supernova diffractometer (Japan) to determine the phase 
composition of the samples. The scanning was performed 
over a 2θ range of 5°–80°, employing Cu Kα radiation (λ = 
1.5411 Å) as the source. X-ray photoelectron spectroscopy 
(XPS) (Nexsa, Thermo Fisher Scientific, USA) was utilized 
to assess the surface elemental composition of the samples. 
Fourier transform infrared spectroscopy (FTIR) (Nicolet 
NXR 9650, Thermo Fisher Scientific, USA) was used to 
detect the functional groups present in the GOQDs, with 
spectra recorded in the range of 500–4000 cm−1.

2.3. Effect of modified biomimetic scaffold extracts 
on the proliferation of BMSCs and HUVECs

2.3.1. Preparation of GOQD-modified biomimetic 
scaffold conditioned medium
BMSCs were extracted from Sprague–Dawley rats. Upon 
reaching approximately 80% confluency, the cells were 
collected by treatment with 0.25% trypsin-EDTA (Gibco, 
USA). The BMSCs (passage 3) were used for further 
experiments. HUVECs were purchased from ScienCell™ 
Research Laboratories (USA). The culture conditions 

for HUVECs were maintained similarly to those applied 
for BMSCs.

For the preparation of conditioned medium, BMSCs or 
HUVECs were seeded onto the scaffolds and incubated in 
their respective complete media for 72 h. After incubation, 
the supernatant was collected and then stored at 4°C until 
it was used for subsequent experiments.

2.3.2. Effect of GOQD-modified biomimetic scaffold 
extracts on the proliferation of BMSCs
At predetermined time points, cell proliferation and 
viability were assessed accordingly. The cell proliferation 
rate in each group was evaluated using Cell Counting Kit-
8 (CCK8) (Dojindo, Japan). Cells were incubated with 
medium containing 10% (v/v) CCK-8 reagent (Dojindo 
Laboratories, Japan) for 60 min in the dark. Subsequently, 
the absorbance at 450 nm was detected using a microplate 
reader (Bio-Tek, UK) to assess cell proliferation.

The cells were treated with a working solution 
containing calcein AM and ethidium homodimer-1 
(Invitrogen, USA). After incubation for 30 min at 37°C, 
fluorescence signals were tested using a confocal laser 
scanning microscope (LSM780, Zeiss, Germany).

The samples were incubated with phalloidin (Solarbio, 
China) for 30 min at 37°C to stain the F-actin cytoskeleton. 
The nuclear staining was carried out using 4ʹ,6-diamidino-
2-phenylindole (Solarbio, China).

2.3.3. Effect of GOQD-modified biomimetic scaffold 
extracts on the proliferation of HUVECs
HUVECs at passage 3 were cultured in complete Dulbecco’s 
Modified Eagle’s Medium (DMEM) for 2 days prior to 
treatment. The medium was subsequently replaced with 
conditioned medium derived from the GOQD-modified 
scaffold groups. CCK-8 assay and immunofluorescence 
staining were performed as described in Section 2.3.2.

2.3.4. Effect of GOQD-modified biomimetic scaffold 
extracts on the angiogenic potential of HUVECs
HUVECs were digested with trypsin, centrifuged, and 
resuspended in complete DMEM. HUVECs were divided 
into four experimental groups: control, GQ0.1@TC4, 
GQ1@TC4, and GQ10@TC4. When cell monolayers 
reached approximately 80% confluence, a linear wound 
was created using a 1000 μL pipette tip held perpendicular 
to the plate surface. The migration area was then quantified 
using ImageJ software to assess wound closure efficiency.

Cell migration was evaluated using a Transwell system 
(8 μm pore size, Corning, USA). A total of 3 × 104 HUVECs 
suspended in serum-free medium were added to the 
upper chamber, while 750 μL of complete F-12K medium 
(without antibiotics) was placed in the lower chamber as 
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a chemoattractant. The migrated cells were then imaged 
using an inverted microscope and quantitatively analyzed 
with ImageJ software.

The capacity of HUVECs to form capillary-like 
structures was assessed using a Matrigel-based tube 
formation assay. A 96-well plate was precooled on ice, and 
50 μL of Matrigel (Corning, USA) was added to each well. 
HUVECs, pretreated with the scaffold extracts for 24 h, 
were then collected, counted, and seeded onto the solidified 
Matrigel. After 24 h of incubation, tube formation was 
observed. The total tube length and branch points were 
analyzed using ImageJ software.

2.4. Effects of GOQD-modified biomimetic scaffolds 
on cell adhesion and osteogenic/angiogenic 
differentiation of BMSCs and HUVECs

2.4.1. Effects of GOQD-modified biomimetic scaffolds 
on the adhesion and osteogenic differentiation 
of BMSCs
The morphological characteristics and adhesion of BMSCs 
on GOQD-modified biomimetic scaffolds were observed 
using scanning electron microscopy (SEM) (Nexsa, 
Thermo Fisher Scientific, USA). To evaluate the osteogenic 
differentiation potential of BMSCs, the expression levels of 
osteogenesis-related genes (Runx2, Bmp2, Ocn, and Alp) 
were analyzed by real time-polymerase chain reaction 
(RT-PCR) after culture on GOQD-modified biomimetic 
scaffolds. The primer sequences used are listed in Table S1.

2.4.2. Effects of GOQD-modified biomimetic scaffolds 
on the adhesion and angiogenic differentiation 
of HUVECs
The morphology and adhesion behavior of HUVECs on 
GOQD-modified biomimetic scaffolds were assessed using 
SEM. To assess the angiogenic potential of HUVECs, the 
vascular endothelial growth factor (VEGF) and hypoxia-
inducible factor 1-alpha (HIF-1α) were detected by RT-
PCR, following culture on GOQD-modified scaffolds. The 
primer sequences are listed in Table S2.

2.5. In vivo evaluation of osteogenic and 
angiogenic performance of GOQD-modified 
biomimetic scaffolds
In vivo experiments were conducted using 12 adult male 
New Zealand white rabbits (weighing 2.5–3.0 kg each). 
The animal procedures strictly adhered to relevant ethical 
guidelines and were approved by the Institutional Animal 
Care and Use Committee of Sun Yat-sen University 
(Approval No. SYSU-IACUC-2019-000169).

Two types of porous biomimetic scaffolds (diameter: 
5 mm; height: 8 mm) were implanted into the femoral 
condyles of rabbits. Group 1 (control) consisted of Ti6Al4V 

scaffolds with a solid core and an irregular porous outer 
surface with a pore size of approximately 525 μm. Group 2 
(GQ@TC4) was composed of the same Ti6Al4V scaffold, 
with the surface coated with GOQDs at the optimal 
concentration previously identified in Sections 2.2 and 2.3 
for promoting osteogenesis and angiogenesis.

After 3 months of implantation, bone regeneration 
and neovascularization around the scaffolds were 
assessed using micro-computed tomography (micro-CT), 
histological analysis, and immunohistochemical staining.

2.6. Statistical analysis
All data are presented as mean ± standard deviation. To 
ensure the reliability of the statistical results, sample 
sizes were determined based on previous studies and 
pilot experiments to achieve a statistical power greater 
than 80% at a significance level of 0.05. The normality of 
the data was assessed using the Shapiro–Wilk test. For 
comparisons among multiple groups, one-way analysis 
of variance was performed, followed by Tukey’s Honestly 
Significant Difference test as a post hoc analysis to identify 
specific group differences. A p-value <0.05 was considered 
statistically significant. All experiments were conducted in 
triplicate or more.

3. Results
3.1. GOQD-modified biomimetic scaffold surface 
characterization
To evaluate the effects of GOQDs at different concentrations, 
biomimetic porous Ti6Al4V scaffolds were coated with 
GOQDs at 0, 0.1, 1, and 10 μg/mL. These four groups 
were designated as control, GQ0.1@TC4, GQ1@TC4, 
and GQ10@TC4, respectively. After conducting the in 
vitro experiments, the optimal GOQDs concentration was 
selected for subsequent in vivo evaluation. For the animal 
study, Ti6Al4V scaffolds without GOQD coating and those 
coated with the optimal concentration of GOQDs were 
designated as control and GOQDs@TC4, respectively. The 
fabricated scaffold samples are displayed in Figure 1A.

Figure 1B presents the XRD patterns of the GQ0.1@
TC4, GQ1@TC4, and GQ10@TC4 scaffolds. All samples 
exhibited distinct diffraction peaks at 2θ values of 35.2°, 
38.3°, 40.5°, 54.3°, 63.1°, and 72.2°, which correspond to 
characteristic peaks of Ti6Al4V. Additionally, a prominent 
diffraction peak was observed at 2θ = 10.2° in the GQ10@
TC4 group, indicating the successful incorporation of 
GOQDs on the scaffold surface. No extraneous peaks were 
detected in the XRD spectra, suggesting the absence of 
impurities introduced during fabrication.

The XPS analysis (Figure 1C and D) confirmed 
the presence of characteristic peaks for C1s, O1s, and 
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Ti2p elements, further validating the successful surface 
modification with GOQDs. The incorporation of GOQDs 
altered the surface chemical composition of Ti6Al4V, 
which may contribute to enhanced biocompatibility.

FTIR results (Figure 1E) demonstrated typical 
absorption bands in the range of 1100–1600 cm–¹ that 
correspond to C=O stretching vibrations, as well as a 
broad O–H stretching peak around 3450 cm–¹. These 
findings confirm the successful attachment of GOQDs 
onto the Ti6Al4V scaffold surface. The increased presence 
of hydroxyl, carbonyl, and conjugated double bond groups 
introduced by GOQDs may enhance the surface bioactivity 
and improve cellular interactions.

3.2. Effects of GOQD-modified biomimetic scaffold 
extracts on the proliferation of BMSCs and HUVECs

3.2.1. Effects on BMSC proliferation
According to the Raman spectra of the GQ0.1@TC4 
scaffolds before and after immersion in culture medium 
for 2 weeks in the preliminary experiment of this study 
(Figure S1), GOQDs were still coating on the TC4 surface, 

indicating good stability of the GOQDs coating on the 
biomimetic scaffold and supporting its suitability for 
subsequent cell experiments. The proliferation results of 
BMSCs cultured with scaffold extracts are displayed in 
Figure 2C. Within the concentration range of 0.1–10 μg/
mL, BMSC proliferation decreased with increasing GOQD 
concentration. Notably, the GQ0.1@TC4 group exhibited 
significantly higher proliferation at days 1, 3, 5, and 7 
compared to the other groups (p < 0.001).

Live/dead staining results are presented in Figure 2A. 
As the GOQD concentration increased, the number of 
viable BMSCs decreased. Both GQ0.1@TC4 and GQ1@
TC4 groups displayed a relatively high number of live cells, 
with GQ0.1@TC4 demonstrating the highest cell viability 
and strongest fluorescence intensity.

Immunofluorescence staining results are presented 
in Figure 2B. A gradual decline in BMSC number was 
observed with increasing GOQD concentrations. The 
GQ0.1@TC4 group had the highest cell count with regular, 
spindle-shaped morphology. In contrast, the GQ10@

Figure 1. Surface characteristics of the biomimetic porous Ti6Al4V scaffolds. (A) Biomimetic porous scaffolds fabricated by EBM for in vitro and in vivo 
experiments. (B) XRD patterns of the biomimetic porous Ti6Al4V scaffolds. (C) XPS survey spectra of scaffolds modified with different concentrations 
of GOQDs. (D) High-resolution XPS spectra of the C1s region on the scaffold surfaces. (E) FTIR spectra of the biomimetic porous Ti6Al4V scaffolds. 
Abbreviations: EBM, electron beam melted; FTIR, Fourier transform infrared spectroscopy; XPS, X-ray photoelectron spectroscopy; XRD, X-ray powder 
diffraction.
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Figure 2. Effects of GOQD-modified biomimetic scaffold extracts on BMSC proliferation. (A) Confocal laser scanning microscopy images of live/
dead staining of BMSCs co-cultured with extracts from four groups of titanium alloy scaffolds. (B) Confocal images of immunofluorescence staining, 
featuring the cytoskeletal morphology of BMSCs after 3 days of co-culture; the red stain indicates F-actin filaments, while the blue stain indicates nuclei.  
(C) Proliferation of BMSCs co-cultured with extracts from the four scaffold groups for 1, 3, 5, and 7 days, assessed by the CCK-8 assay. (n = 3; **p < 0.01 
and ***p < 0.001, compared to the control). Scale bars: 200 µm (A and B). Abbreviations: BMSC, bone marrow mesenchymal stem cells; GOQD, graphite 
oxide quantum dots. 
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TC4 group displayed the fewest cells, with shrunken and 
irregular cytoskeletal structures.

3.2.2. Effects on HUVEC proliferation
The proliferation results of HUVECs cultured with scaffold 
extracts are presented in Figure 3C. Similar to BMSCs, 
HUVEC proliferation declined with increasing GOQD 
concentration. The GQ0.1@TC4 group demonstrated 
significantly higher proliferation at days 1, 3, 5, and 7 
compared to other groups (p < 0.001).

Immunofluorescence staining (Figure 3A) revealed 
a decrease in HUVEC number with increasing GOQD 
concentration. The GQ0.1@TC4 group had the highest 
number of HUVECs, predominantly exhibiting an oval 
morphology and well-organized cytoskeletal structures.

As displayed in Figure 3B and D, after 24 h of 
treatment with scaffold extracts, the GQ0.1@TC4 group 
exhibited significantly enhanced migration of HUVECs 
compared to the GQ1@TC4 and GQ10@TC4 groups 
(p < 0.05). The wound area in the GQ0.1@TC4 group 
was nearly completely closed within 24 h. After 24 h of 
treatment, the number of HUVECs migrating through 
the Transwell membrane was higher in the GQ0.1@TC4 
group (635 ± 59) compared to the GQ1@TC4 (428 ± 47) 
and GQ10@TC4 (149 ± 56) groups (p < 0.05) (Figure 4A  
and C). As presented in Figure 4B and D, after 24 h 
of extract treatment, HUVECs in the GQ0.1@TC4 
group formed significantly longer tube-like structures 
than those in the GQ1@TC4 and GQ10@TC4 groups  
(p < 0.05). The total tube length in the GQ0.1@TC4 group 
(2867 ± 49 μm) was approximately three times that of the 
GQ10@TC4 group (1054 ± 55 μm). Consistently, in our 
preliminary experiment, co-culturing different GQ@
TC4 groups with human bone marrow mesenchymal 
stem cells (HMSCs) yielded nearly identical results  
(Figure S2), further confirming the superior 
pro-migratoryand pro-angiogenic effects of the 
GQ0.1@TC4 group.

3.3. Effects of GOQD-modified biomimetic 
scaffolds on BMSC/HUVEC adhesion and 
osteogenic/angiogenic differentiation

3.3.1. Effects of GOQD-modified scaffolds on BMSC 
adhesion and osteogenic differentiation
The SEM images featured in Figure 5A indicate that 
BMSCs adhered to the scaffold surface and exhibited 
elongated spindle-like morphology. After 7 days of co-
culture with biomimetic porous scaffolds modified with 
varying concentrations of GOQDs, the number of adherent 
BMSCs decreased with increasing GOQD concentration. 
Among all groups, the GQ0.1@TC4 group demonstrated 
the highest degree of cell adhesion on the scaffold surface.

The RT-PCR analysis (Figure 5C) revealed that after 
7 days of co-culture, the expression levels of osteogenic-
related genes (Bmp2, Ocn, and Alp) were significantly 
higher in the GQ0.1@TC4 group compared to the GQ1@
TC4 and GQ10@TC4 groups (p < 0.05), indicating 
enhanced osteogenic differentiation.

3.3.2. Effects of GOQD-modified scaffolds on HUVEC 
adhesion and angiogenic differentiation
The SEM images presented in Figure 5B indicate that 
HUVECs adhered to the scaffold surface in both scattered 
and clustered formations. After 7 days of co-culture, the 
GQ0.1@TC4 group exhibited the greatest number of 
adherent cells, with cells forming confluent layers and 
overlapping in some regions, compared to the other groups.

The RT-PCR results (Figure 5D) demonstrated that 
the mRNA expression levels of angiogenesis-related 
genes (VEGF and HIF1A) were significantly higher in the 
GQ0.1@TC4 group than in the GQ1@TC4 and GQ10@
TC4 groups (p < 0.05), suggesting that low-concentration 
GOQD modification promotes angiogenic differentiation 
of HUVECs.

3.4. In vivo osteogenic and angiogenic evaluation of 
GOQD-functionalized biomimetic scaffolds
Based on in vitro osteogenesis and angiogenesis 
experiments conducted using both extract and co-
culture methods, the GQ0.1@TC4 group exhibited the 
most favorable outcomes in promoting BMSC adhesion, 
proliferation, and differentiation, as well as the strongest 
pro-angiogenic effects on HUVECs. Therefore, the 
GQ0.1@TC4 scaffold was selected for subsequent in vivo 
studies. To evaluate its osteogenic and angiogenic capacity 
in vivo, a comparative analysis was performed between 
the GQ0.1@TC4 scaffold and a biomimetic scaffold 
without GOQD modification using micro-CT, histological 
staining, and immunohistochemistry. In this section, the 
scaffold without GOQDs is referred to as the control, while 
the Ti6Al4V scaffold coated with 0.1 μg/mL GOQDs is 
denoted as GQ@TC4.

3.4.1. Micro-CT analysis
The micro-CT results (Figure 6A) revealed that at 4 weeks 
post-implantation in rabbit femurs, more bone tissue 
had formed around the GQ@TC4 scaffolds, and the gaps 
between the scaffold and cortical bone were significantly 
reduced. The bone volume fraction (BV/TV) of the GQ@
TC4 group reached 4.85 ± 1.08% (Figure 6B). By week 
12, the bone coverage on the scaffold surface had notably 
increased compared to week 4. The GQ@TC4 scaffolds 
demonstrated close integration with surrounding cortical 
bone, with a higher proportion of newly formed yellow-
colored bone tissue. The BV/TV in the GQ@TC4 group 
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Figure 3. Effects of GOQD-modified biomimetic scaffold extracts on HUVEC proliferation and angiogenic capacity. (A) Confocal laser scanning 
microscopy images of immunofluorescence staining, displaying HUVEC morphology after co-culture with extracts from four groups of titanium alloy 
scaffolds for 3 days; the green stain indicates F-actin filaments, while the blue stain indicates nuclei. (B) Fluorescence images of scratch assays, indicating 
HUVEC migration at 0 and 24 h after treatment with the four scaffold extracts. (C) Proliferation of HUVECs co-cultured with the scaffold extracts for 1, 
3, 5, and 7 days, assessed using the CCK-8 assay. (D) Quantitative bar graph of HUVEC migration distances. n = 3; ***p < 0.001 compared to the control. 
Scale bars: 200 µm (A and C). Abbreviations: GOQD, graphite oxide quantum dots; HUVEC, human umbilical vein endothelial cells.
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Figure 4. Transwell migration and tube formation assays of HUVECs after 24 h treatment with scaffold extract from the four groups. (A) Representative 
images of migrated HUVECs stained after the Transwell assay. (B) Fluorescence microscopy images displaying tube formation by HUVECs after treatment 
with different scaffold extracts. (C) Quantitative analysis of the number of HUVECs that migrated through the membrane. (D) Quantification of total 
tube length formed by HUVECs. n = 3; **p < 0.01 and ***p < 0.001, compared to the control. Scale bars: 500 µm (A); 200 µm (C). Abbreviation: HUVEC, 
human umbilical vein endothelial cells.
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Figure 5. Cell adhesion and morphology on the surface of GOQD-modified biomimetic scaffolds observed by SEM, and RT-PCR analysis of osteogenic 
and angiogenic gene expression. (A) SEM images displaying cell adhesion on the scaffolds after 7 days of culture. Yellow arrows indicate BMSCs adhering 
and growing on the scaffold surface. (B) SEM images displaying HUVECs adhered to the scaffold surface after 7 days of culture. Yellow arrows indicate 
attached HUVECs. (C) RT-PCR analysis of osteogenic gene expression (Bmp2, Ocn, Runx2, and Alp) in BMSCs cultured on the four groups of Ti6Al4V 
scaffolds. (D) RT-PCR analysis of angiogenesis-related gene expression (VEGF and HIF1A) in HUVECs cultured on the four groups of scaffolds. n = 
3; **p < 0.01 and ***p < 0.001, compared to the control. Scale bars: 100 µm (A and C, top); 20 µm (A and C, bottom). Abbreviations: BMSCs, bone 
marrow mesenchymal stem cells; HUVECs, human umbilical vein endothelial cells; RT-PCR, real time-polymerase chain reaction; SEM, scanning electron 
microscope.
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reached 43.29 ± 3.26%, significantly higher than that in the 
control group (p < 0.05).

3.4.2. Histological observation
Hematoxylin and eosin (H&E) staining (Figure 6C) 
revealed the formation of small areas of red-stained bone 
tissue around the GQ@TC4 scaffolds at week 4 (yellow 
arrows in Figure 6C). The BV/TV was 3.60 ± 0.68%. By 
week 12, new bone formation on the scaffold increased 
markedly, with the GQ@TC4 group exhibiting a BV/TV of 
16.72 ± 1.07%, significantly greater than that of the control 
group (p < 0.05) (Figure 6D).

Modified Masson’s trichrome staining (Figure 6E) 
further confirmed these findings. At week 4, limited 
new bone tissue was observed at the interface between 
the GQ@TC4 scaffold and host bone (yellow arrows in  
Figures 6C and E), with a BV/TV of 6.13 ± 0.85%. At 
week 12, extensive new bone formation was evident, with 
the newly formed tissue connecting across the scaffold. 
The BV/TV reached 10.37 ± 1.13% in the GQ@TC4 
group, significantly higher than that in the control group  
(p < 0.05) (Figure 6F).

CD31 immunohistochemical staining was used to 
assess neovascularization. CD31-positive endothelial cells 
formed round or oval yellow to brown ring-like structures 
representing vascular lumens (Figure 6G). At week 4, only 
a few vessels were observed in the control group, while 
significantly more blood vessels of various diameters were 
present in the GQ@TC4 group. At week 12, the GQ@
TC4 scaffolds exhibited a larger number and diameter 
of vascular lumens compared to the control group, with 
statistically significant differences (p < 0.05) (Figure 6H).

4. Discussion
Owing to their favorable properties in promoting 
osteogenesis and angiogenesis, GOQDs have attracted 
great attention in the fields of orthopedic implants 
and dental prosthetics.33,34 As a derivative of graphene 
oxide (GO), GOQDs have demonstrated promising 
osteoinductive potential in both in vitro and in vivo 
studies.35,36 However, differences in oxygen content and 
particle size during GOQD synthesis result in variations 
in their physicochemical properties. Previous studies have 
demonstrated that parameters such as the oxygen content, 
diameter, and thickness of graphene-based materials 
significantly influence their osteoinductive capabilities.37–39

Based on the findings in our previous study,16 Ti6Al4V 
scaffolds with irregular porous structures and an average 
pore size of 525 μm effectively promoted BMSC osteogenic 
differentiation. In combination with our previous research,32 
which identified the optimal GOQD concentration  

(0.1 µg/mL) for enhancing BMSC proliferation and 
differentiation, this study focused on coating Ti6Al4V 
scaffolds (pore size: 525 μm) with three concentrations 
of GOQDs. Furthermore, in vivo experiments were 
conducted to assess the scaffolds’ capacities for bone 
and vascular regeneration under appropriate GOQD 
loading concentration.

As a surface modification strategy for metallic 
implants, GOQD coating is considered a safe and effective 
approach.40 Variations in GOQDs’ characteristics, such 
as particle size and chemical composition, can alter the 
physicochemical properties of the implant material, 
including its structure and morphology.41 In this study, 
the XRD results (Figure 1B) revealed the presence of 
characteristic peaks for both Ti6Al4V and GOQDs without 
any additional impurity peaks, indicating that the coating 
process did not introduce contaminants. Specifically, 
Ti6Al4V exhibited a characteristic peak near 2θ = 40°, 
corresponding to the (110) plane, while GOQDs exhibited 
a peak at 2θ ≈ 10°, corresponding to the (001) plane. 
Notably, the intensity of the Ti6Al4V peak varied with 
increasing GOQD concentration, which may be attributed 
to lattice structure alterations induced by the GOQD 
coating. These findings confirm the successful deposition 
of GOQDs onto the Ti6Al4V scaffold surface and validate 
the purity and integrity of the composite structure.

As presented in Figure 1C and D, survey spectra and 
high-resolution C1s spectra demonstrated clear peaks 
corresponding to C1s, O1s, and Ti2p. With increasing 
GOQD concentration, the Ti2p signal intensity gradually 
decreased, suggesting that the GOQDs coating partially 
covered the Ti6Al4V surface, thereby reducing the 
detectable Ti element signal. These results confirm the 
successful and dose-dependent loading of GOQDs on 
the Ti6Al4V scaffolds. Moreover, the XPS findings are 
consistent with previous literature reports,42 further 
supporting the conclusion that GOQD coating modifies 
the surface elemental composition and distribution of 
Ti6Al4V implants.

Following the coating of Ti6Al4V scaffolds with varying 
concentrations of GOQDs, the FTIR spectra (Figure 1E) 
revealed characteristic peaks in the range of 1100–1600 
cm–¹ corresponding to C=O stretching vibrations, and 
a broad O–H absorption band near 3450 cm–¹. These 
findings indicate the successful incorporation of GOQDs 
onto the Ti6Al4V scaffold surface. Moreover, the presence 
of GOQDs increased the surface content of hydroxyl, 
carbonyl, and unsaturated double bond functional groups 
on the Ti6Al4V scaffolds, potentially enhancing their 
biocompatibility. This enhancement is likely due to chemical 
interactions between oxygen-containing functional groups 
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Figure 6. In vivo evaluation of osteogenic and angiogenic performance of the scaffolds. (A) 3D-reconstructed micro-CT images of scaffolds implanted in 
rabbit femurs for 4 and 12 weeks (W); the blue color indicates the Ti6Al4V scaffold, while the yellow color represents newly formed bone tissue. (B) BV/
TV of different scaffolds based on micro-CT analysis. (C) H&E staining images of undecalcified sections at weeks 4 and 12 post-implantation; the red 
area indicates bone tissue, the black area represents the Ti6Al4V scaffold, and the yellow arrows indicate newly formed bone. (D) Quantitative analysis of 
BV/TV from H&E-stained sections. (E) Masson’s trichrome staining images of undecalcified sections at weeks 4 and 12 post-implantation; the green area 
represents bone tissue, the black area represents the Ti6Al4V scaffold, and the yellow arrows indicate newly formed bone. (F) Quantitative analysis of BV/
TV from Masson-stained sections. (G) Immunohistochemical images of CD31 staining at weeks 4 and 12 post-implantation, with red arrows indicating 
newly formed blood vessels. (H) Quantitative comparison of microvessel density among different scaffold groups. n = 3; *p < 0.05 and **p < 0.01, compared 
to the control. Scale bars: 1000 µm (C and E, top); 200 µm (C and E, bottom); 200 µm G. Abbreviations: BV/TV, bone volume/total volume; CT, computed 
tomography; H&E, hematoxylin and eosin.
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on the GOQDs and the native surface functionalities of the 
Ti6Al4V scaffold, resulting in enriched surface chemistry.

In the context of bone repair materials, in vitro 
biological performance evaluation serves as a critical step 
in understanding the material–cell interactions that mimic 
in vivo bone regeneration processes. Bone scaffolds not only 
provide a mechanical and spatial framework for cellular 
adhesion, migration, proliferation, and differentiation, 
but also actively modulate the local microenvironment 
and intercellular signaling, thereby triggering a cascade of 
osteogenic events essential for effective bone regeneration. 
Thus, in vitro studies of biological responses are 
indispensable for guiding the rational design, optimization, 
and application of bone regenerative materials.

Upon implantation, bone repair scaffolds release 
bioactive components into the surrounding milieu, 
influencing cellular behavior through dynamic interactions 
with resident cells. To simulate this process, we prepared 
extract solutions from GOQD-functionalized porous 
scaffolds using complete culture medium and subsequently 
co-cultured these extracts with BMSCs and HUVECs.

Previous studies have demonstrated that graphene 
and its derivatives promote BMSC proliferation and 
differentiation.31,43 Our earlier work also confirmed that 
GOQDs possess a strong capacity to enhance BMSC 
activity.32 However, the impact of GOQD-coated titanium 
alloy scaffolds at different concentrations on cellular 
behavior remained unclear. In this study, extract solutions 
derived from scaffolds coated with varying concentrations 
of GOQDs were used to treat BMSCs, and cell proliferation 
was assessed using CCK-8 assays (Figure 2C). The results 
indicated that BMSC proliferation decreased progressively 
with increasing GOQD concentration. Notably, the GQ0.1@
TC4 group consistently exhibited the highest proliferation 
rates on days 1, 3, 5, and 7 compared to the other groups. 
These findings indicate that while low concentrations 
of GOQDs can enhance BMSC proliferation, 0.1 µg/mL 
GOQDs (GQ0.1@TC4 group) offer the most favorable 
outcome, highlighting the importance of optimizing 
GOQD dosage for maximizing bioactivity.

The promotion of BMSC proliferation and 
differentiation by bone repair materials is fundamentally 
dependent on the initial adhesion and spreading of BMSCs 
on the material surface, which subsequently triggers 
proliferation, migration, and osteogenic differentiation. 
The composition and surface morphology of the 
substrate materials were reported to influence cellular 
adhesion properties.44,45 In this study, SEM observations  
(Figure 5A) revealed that the number of adherent cells 
on scaffolds decreased as the concentration of GOQDs 
increased. Among all groups, the GQ0.1@TC4 scaffold 

displayed the highest number of adherent BMSCs. This 
phenomenon might have been attributed to the elevated 
production of reactive oxygen species (ROS) induced 
by higher concentrations of GOQDs, which may have 
damaged cell structures and impaired adhesion.46 Previous 
studies have reported that excessive internalization of 
GOQDs can lead to elevated intracellular ROS generation, 
mitochondrial dysfunction, and apoptosis in stem cells 
and endothelial cells.47 These ROS-mediated effects are 
dose-dependent and are known to compromise scaffold 
biocompatibility and long-term safety.

Cell adhesion on material surfaces is known to be 
affected by the local microenvironment. Over time, 
cells gradually spread and form stable attachments to 
the scaffold via cytoskeletal proteins. These proteins not 
only help maintain cellular morphology but also mediate 
interactions with surrounding cells and materials, thereby 
facilitating biological signal transmission.48 Studies 
have demonstrated that the chemical composition and 
microtopography of biomaterials could directly affect 
cell spreading behavior.49 Immunofluorescence staining 
further implies that within the GOQD concentration 
range of 0.1–10 μg/mL, an inverse relationship is observed 
between GOQD concentration and BMSC number. The 
GQ0.1@TC4 group exhibited the highest BMSC count 
with consistently well-organized cytoskeletal structures, 
whereas in the GQ10@TC4 group, fewer cells were 
observed with noticeably shrunken cytoskeletons. These 
results indicated that scaffolds coated with 0.1 µg/mL  
GOQD more effectively promoted BMSC adhesion.  
A plausible mechanism could be that low concentrations 
of GOQDs upregulated actin expression, which facilitated 
transmembrane signal transduction and enhanced 
cell adhesion.42,50

Furthermore, for RT-PCR analysis, cells were harvested 
directly from the scaffold to better reflect the proliferation 
and differentiation status of adherent cells. RT-PCR results 
revealed that after 7 days of co-culture, the expression levels 
of Bmp2, Ocn, and Alp genes were significantly higher 
in the GQ0.1@TC4 group compared to the GQ1@TC4 
and GQ10@TC4 groups (p < 0.05), indicating enhanced 
osteogenic differentiation. This effect may have resulted 
from more effective activation of membrane receptors by 
low-concentration GOQDs, thereby promoting stem cell 
proliferation and osteogenic differentiation.50

To assess the effect of GOQD-functionalized scaffold 
extracts on HUVEC proliferation, CCK-8 assays were 
conducted on days 1, 3, 5, and 7 after treatment. The 
results indicated a dose-dependent decline in HUVEC 
proliferation as GOQD concentration increased. The 
GQ0.1@TC4 group consistently displayed significantly 
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greater proliferation than the other groups at all time 
points (p < 0.001).

To evaluate the pro-angiogenic effects of different 
GOQD concentrations, a scratch assay was performed. 
After 24 h, nearly complete scratch closure was observed 
in the GQ0.1@TC4 group, significantly faster than that 
of the GQ1@TC4 and GQ10@TC4 groups (p < 0.05). In 
addition, the Transwell migration assay indicated that after 
24 h, the GQ0.1@TC4 group exhibited the highest number 
of migrated cells (635 ± 59), suggesting superior migratory 
capacity. Tube formation assays further demonstrated 
that HUVECs treated with GQ0.1@TC4 extract formed 
significantly longer tubular structures compared to the 
GQ1@TC4 and GQ10@TC4 groups (p < 0.05). These 
results were consistent with previous reports, which have 
reported that increasing concentrations of GO and its 
derivatives negatively affects the angiogenic potential of 
HUVECs, suppressing capillary-like structure formation 
in a dose-dependent manner.51,52

The enhanced vascularization observed with 0.1 
μg/mL GOQDs might have been attributed to the 
moderate mechanical stress imposed on HUVECs by low 
concentrations of GOQDs. This stress may have induced 
the remodeling of actin cytoskeleton into lamellipodia 
and filopodia, which are involved in cell membrane 
protrusion, extracellular matrix adhesion, and cytoplasmic 
contraction—all critical processes for cell migration and 
angiogenesis.53,54 HIF-1α and VEGF are two critical RNA 
transcripts involved in the regulation of angiogenesis. HIF-
1α, a transcription factor, is known to promote angiogenesis 
under hypoxic conditions by enhancing the transcription 
of VEGF.55 VEGF functions as a key pro-angiogenic factor 
and signaling RNA essential for vascular development.56 

To investigate the in vivo osteogenic and early angiogenic 
potential of the GOQD-functionalized biomimetic 
scaffold, a femoral defect model was established in New 
Zealand white rabbits. The study aimed to evaluate the 
scaffold’s capacity to support bone formation and early-
stage vascularization in vivo. Micro-CT analysis revealed 
that 12 weeks after implantation, the GQ@TC4 scaffolds 
featured close integration with the adjacent cortical bone, 
with a substantial amount of newly formed yellow bone 
tissue covering the scaffold surface. The BV/TV reached 
43.29 ± 3.26%, suggesting that the 0.1 μg/mL GOQDs-
coated scaffold effectively promoted new bone formation. 
These findings indicated that low concentrations of 
GOQDs enhanced the osteogenic performance of titanium 
alloy scaffolds in vivo. Histological analysis using H&E 
staining and Masson’s trichrome staining corroborated 
the micro-CT results. At 12 weeks post-implantation, a 
notable increase in newly formed bone tissue was observed 

surrounding the GQ@TC4 scaffolds, accompanied by 
a significant increase in bone volume. The ability of 
scaffold materials to promote new bone formation after 
implantation is closely associated with their capacity 
to stimulate neovascularization. A greater number of 
newly formed blood vessels typically contributes to 
more efficient and effective bone regeneration.57 In this 
study, CD31 immunohistochemical staining further 
confirmed enhanced vascularization. At week 12 following 
implantation, the GQ@TC4 group exhibited a significantly 
greater number of vascular lumens with relatively 
larger diameters compared to the control group, and the 
intergroup difference was statistically significant (p < 0.05). 
These results suggested that scaffolds loaded with a specific 
concentration of GOQDs could promote bone tissue 
formation by enhancing neovascularization. 

Although our study demonstrated favorable short-
term biocompatibility and therapeutic efficacy of GOQD-
coated scaffolds, the long-term biosafety profile of GOQDs 
remains insufficiently characterized. The degradation 
kinetics of GOQDs in vivo remain unclear. Unlike 
traditional biodegradable polymers, GOQDs may undergo 
incomplete enzymatic or oxidative degradation, generating 
intermediate species whose bioactivity or toxicity is 
not well-defined. Furthermore, the biodistribution and 
clearance mechanisms remain speculative in the absence 
of long-term in vivo tracking studies. Without such data, 
it is difficult to predict how GOQDs behave over extended 
periods or after repeated implantation. To ensure safe 
clinical translation, future studies should incorporate 
long-term in vivo imaging, quantitative organ-level 
distribution assays, and immunohistochemical analysis to 
determine potential inflammatory responses, nanoparticle 
persistence, or off-target effects. Although GOQDs are 
known to exhibit size-dependent quantum effects, the 
current coating strategy primarily utilizes their surface 
chemical functionality rather than their intrinsic quantum 
properties. Future studies should explore whether the 
nanoscale quantum effects of GOQDs contribute directly 
to the biological outcomes observed. Additionally, while 
standard physicochemical techniques, such as XRD, XPS, 
and FTIR, confirmed the successful deposition of GOQDs, 
comprehensive characterization of the coating properties—
including structural morphology, long-term stability, and 
quantum dot-specific features—was not fully performed. 
These analyses are crucial for a deeper understanding of 
the coating’s functionality and will be essential for future 
optimization and translational application.

5. Conclusion
This study systematically investigated the effects of GOQDs 
at varying concentrations (0, 0.1, 1, and 10 μg/mL) on the 
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proliferation and osteogenic differentiation of BMSCs, as 
well as on the proliferation and angiogenic differentiation 
of HUVECs. The results demonstrated that 0.1 μg/mL 
GOQDs most effectively promoted the proliferation and 
functional differentiation of both cell types. Furthermore, 
Ti6Al4V scaffolds coated with 0.1 μg/mL GOQDs 
significantly enhanced in vivo bone and vascular tissue 
formation. These findings provide a theoretical basis for 
the application of GOQD-functionalized biomimetic 
porous scaffolds in the repair of bone defects.
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