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Purpose: Given the escalating prevalence of diabetes, the demand for specific bone graft materials is increasing, owing to the greater 
tendency towards bone defects and more difficult defect repair resulting from diabetic bone disease (DBD). Melatonin (MT), which is 
known for its potent antioxidant properties, has been shown to stimulate both osteogenesis and angiogenesis.
Methods: MT was formulated into MT@PLGA nanoparticles (NPs), mixed with sodium alginate (SA) hydrogel, and contained 
within a 3D printing polycaprolactone/β-Tricalcium phosphate (PCL/β-TCP) scaffold. The osteogenic capacity of the MT nanocom-
posite scaffold under diabetic conditions was demonstrated via in vitro and in vivo studies and the underlying mechanisms were 
investigated.
Results: Physicochemical characterization experiments confirmed the successful fabrication of the MT nanocomposite scaffold, which 
can achieve long-lasting sustained release of MT. The in vitro and in vivo studies demonstrated that the MT nanocomposite scaffold 
exhibited enhanced osteogenic capacity, which was elucidated by the dual angiogenesis effects activated through the NF-E2–related 
factor 2/Heme oxygenase 1 (Nrf2/HO-1) signaling pathway, including the enhancement of antioxidant enzyme activity to reduce the 
oxidative stress damage of vascular endothelial cells (VECs) and directly stimulating vascular endothelial growth factor (VEGF) 
production, which reversed the angiogenesis-osteogenesis uncoupling and promoted osteogenesis under diabetic conditions.
Conclusion: This study demonstrated the research prospective and clinical implications of the MT nanocomposite scaffold as a novel 
bone graft for treating bone defect and enhancing bone fusion in diabetic individuals.
Keywords: diabetic bone defect, melatonin, Nrf2/HO-1 signaling pathway, dual angiogenesis effects, 3D printing

Introduction
Bone serves as a crucial structural support for the human body, and defects resulting from trauma or disease always 
produce significant disadvantages for patients’ overall health. To clinically address these critical orthopedic defects, bone 
autografts, allografts, and artificial bone grafts including ceramics, and synthetic or natural polymers have been applied.1 

Autografts have always been regarded as the benchmark for bone substitutes while the source is limited. Meanwhile, 
allografts pose latent risks, including the transmission of diseases and concerns related to immunogenicity.2 To address 
these challenges, artificial bone grafts, such as ceramics/polymers or hydrogels, have been widely applied to mimic the 
biological activity of natural bone. Although research on bone grafts gained rapid progression in recent decades,1 new 
bone formation and bone defect repair remain challenging in pathological environments such as tumors, infections, and 
metabolic diseases.

With over 537 million diabetes mellitus (DM) patients worldwide having been reported by 2021,3 DM has emerged as 
a significant menace to human well-being. Epidemiological investigations have revealed a rapid expansion of the affected 
population and progressively younger patients in proportion, which led to diabetic bone disease (DBD) being considered 
growing as a major contributor to morbidity and mortality in DM.4 DBD exhibited features of increased susceptibility to 
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fragility fracture, delayed fracture healing, and high recurrent fracture rate, all of which mean a greater tendency towards 
bone defects and more difficult defect repair.5 Otherwise, significantly higher failure rates of bone fusion in diabetic 
individuals were also reported in clinical investigation.6 Therefore, it is imperative to prioritize the research of a novel 
bone graft specific to the DBD population. Although the exact pathological mechanism remains unclear,5 DBD has been 
identified as a condition characterized by impaired osteogenesis and low bone turnover metabolism. Kusumbe et al7 

reported intraosseous H-type blood vessels and their important role in angiogenesis-osteogenesis coupling. Given that 
intracellular excess reactive oxygen species (ROS) and oxidative stress damage to vascular endothelial cells (VECs) have 
been reported as important pathological mechanisms of many diabetic complications.8 The angiogenesis-osteogenesis 
uncoupling induced by ROS accumulation has been gradually identified as contributing to the development of DBD.9–12 

Thus, antioxidants are anticipated to have a therapeutic efficacy in the treatment of DBD.
Melatonin (MT), a hormone synthesized by the pineal gland, is pivotal in the regulation of circadian rhythm, and has 

also been discovered to possess powerful antioxidant properties.13,14 The antioxidant therapeutic effect of MT has been 
widely studied in pathological environments such as tumors and inflammation.15,16 In recent years, some scholars have 
gradually paid attention to the antioxidant activity of MT in DM-related complications,17,18 especially in bone lesions 
caused by diabetes.19,20 Our previous study found that MT electrospun nanofiber coatings protect osteoblasts by 
inhibiting ROS overproduction and directly improving osteogenesis via the BMP/WNT pathway under diabetic 
conditions.21 Nevertheless, the widespread use of MT is hindered by several challenges, including inadequate stability, 
easy degradation, and limited bioavailability. To overcome these limitations, the current approach involves developing 
drug-carrier systems to facilitate controlled and sustained drug release.22

Polylactic-co-glycolic acid (PLGA), as a biodegradable polymer, has gained considerable attention in biomedical applica-
tions owing to its high biocompatibility and tunable biodegradation rate. PLGA nanoparticles (NPs) have received approval for 
parenteral administration, exhibiting sustained release characteristics.23 Altindal et al24 prepared MT-loaded PLGA NPs and 
drug release tests showed that MT@PLGA NPs released about 70% of the drug after 40 days in vitro. 3D printing techniques 
have been extensively applied in the construction of bone grafts with predesigned shapes and tailored structural features.25–27 

3D printing polycaprolactone (PCL) scaffolds using fused deposition modeling technology have gained significant attention as 
implant materials due to the outstanding compatibility and mechanical characteristics.28 β-Tricalcium phosphate (β-TCP) 
stands as a commonly employed bioceramic within the realm of calcium phosphate applications that possesses the capability to 
induce osteogenic differentiation of stem cells by releasing calcium ions.29 However, scaffolds crafted solely from bioceramics 
or even polymer/bioceramic composites might not offer adequate bone-forming capability. Furthermore, recent studies have 
recognized hydrogel materials for enhancing sustained drug release when filled into the interspace of 3D printing scaffolds.30,31 

Alginate materials are highly desirable biomaterials with numerous exceptional properties such as in situ gel, hydrophilicity, 
cytocompatibility,32–34 and prolonged release of active agents.35 Miao et al36 demonstrated that decorating MT into 3D printing 
β-TCP scaffolds can promote the regeneration of skull defect. However, the release time was only approximately 15 hours, 
which hinders its ability to exert a prolonged effect on bone regeneration.

In the present study, a 3D printing technique was applied to fabricate a PCL/β-TCP scaffold. Subsequently, MT was 
encapsulated into the PLGA carrier to prepare MT@PLGA NPs, these MT@PLGA NPs were then mixed with sodium alginate 
(SA) hydrogel and filled into the interspace of PCL/β-TCP scaffold, resulting in an MT@PLGA NP-functionalized PCL/β-TCP 
scaffold. This approach combines NPs with a 3D printing scaffold to develop a novel bone graft with sustained MT release and 
improved osteogenic ability under DM conditions. We assumed that the MT@PLGA NPs combined with the PCL/β-TCP/SA 
scaffold could play a crucial role in reversing diabetic ROS-induced angiogenesis-osteogenesis uncoupling and aimed to 
investigate the underlying mechanism at the molecular and gene levels.

Materials and Methods
Synthesis of MT@PLGA NPs
Preparation of MT@PLGA NPs using solvent evaporation. Briefly, PLGA (lactide: glycolide = 75:25, MW =80,000, 
Aladdin) and MT (Aladdin Biochemical Technology Co., Ltd.) with different mass ratios (MT: PLGA=1:5, 1:3, 
1:1, m: m) were dissolved in 10 mL of DCM (dichloromethane) as organic phase (O). Then the O phase was added to 
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the 40 mL of water phase (W) containing 2% PVA solution and homogenized with a high-speed homogenizing emulsifier 
for 1 min (20,000 rpm) to form nanoemulsion. The nanoemulsion was homogenized (AH-NANO P, ATS, China) under 
high pressure at 800 bar, and the homogenized emulsion was poured into 150 mL water solution containing 0.1% PVA 
for 4 h by magnetic stirring, and the particles were solidified by volatilizing DCM. The solidified NPs were obtained 
through centrifugation for 15 minutes (5000 rpm) and subsequently washed with distilled water. Following a freeze- 
drying process (Keruide Trading Co., LTD, China) was used to remove water and finally the MT@PLGA NPs with 
different MT ratios were obtained.

Fabrication of PCL/β-TCP Scaffolds and MT Nanocomposite Scaffold
The geometric scaffolds were fabricated utilizing a fused deposition modeling (FDM) 3D printing technique. A 3D 
bioprinting system (Maipu Regenerative Medicine Technology Co., LTD, Guangzhou, China) was employed. It featured 
a three-axis with x-y-z translation stage, a nozzle, a dispenser with a heating jacket for PCL polymer melting, and 
a compression/heat controller, facilitating the scaffold construction. Using the 3D plotting system, two varieties of 
scaffolds were constructed: 1) 3D scaffolds composed solely of PCL (MW 80000; Zhanyang Tiflon Enterprise Store, 
China) and 2) 3D scaffolds combining PCL with β-TCP (Sigma-Aldrich, St. Louis, MO, USA) (PCL/β-TCP). To 
fabricate the PCL/β-TCP scaffold, molten PCL and β-TCP powder were blended and injected into the printer dispenser 
barrel. The mixture in the barrel was heated to 150°C and extruded through a nozzle with a diameter of 300 µm. 3D 
printing scaffolds with dimensions of 10×10×2 mm³ were produced layer by layer.

The resultant scaffolds were placed in a 48-well plate containing 2% SA solution (MACKLIN, Cat#C12782338) 
blended with NPs, and 1 mL calcium chloride solution (Damao chemical reagent Factory, China, Cat#10043524) was 
added for 2 min at room temperature to crosslink with SA to solidify. Finally, the nanocomposite scaffolds were vacuum- 
dried overnight to solidify the hydrogel films.

Characterization of NPs and Scaffolds
To evaluate drug loading and encapsulation efficiency, 10 mg of MT@PLGA NPs was dissolved in 10 mL of DCM. The 
suspension was ultrasonicated for 30 min and subsequently maintained at room temperature for 2 h. After complete 
degradation, the amount of MT was measured using a UV spectrometer (UV-8000A, METASH, Shanghai). The drug 
loading (%) and encapsulation (%) were calculated as follows:

The size of the NPs was evaluated employing a laser diffraction particle size analyzer (Zeta PALS, Bruker). Field- 
emission scanning electron microscopy (SEM) was employed to characterize the morphology of the NPs, strand size of 
the scaffolds, and NPs deposited on the hydrogel at an accelerating voltage of 10 kV (Nova Nano Sem 450, FEI). X-ray 
diffraction (XRD) analysis was conducted utilizing an X-ray diffractometer (Smartlab, Rigaku) in the 2θ range of 10–60◦ 

with Cu Kα radiation. Spectrum Fourier Transform infrared spectroscopy (FT-IR) was employed to capture the infrared 
spectrum of the sample in the range of 400~4000 cm−1 (PerkinElmer LAMBDA 750s, US). For the assessment of the 
water contact angle on the scaffold surfaces, 5 μL distilled water was dropped onto the scaffold surface, and the contact 
angle was measured using a contact angle goniometer (KRUSS DSA25, Germany). To evaluate the mechanical proper-
ties of the scaffolds, their compressive strengths were evaluated utilizing a universal material-testing machine 
(Allroundfloor, Germany).

In vitro Drug Release
The NPs and MT nanocomposite scaffolds were placed in 5 mL of PBS. The solution was sealed and promptly positioned 
in a constant-temperature water bath shaker at 37.0°C with a rotation speed of 70 rpm. At a predetermined time, 3 mL of 
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each solution was extracted for absorbance measurement and then returned to the original container after measurement. 
All samples were examined utilizing a UV spectrometer (UV-8000A, METASH, Shanghai), and sustained release curves 
were plotted.

Cell Culture
Both mouse embryonic osteoblast precursor (MC3T3-E1) and mouse brain microvascular endothelial (bEnd.3) (Procell 
Life Science & Technology Co., Ltd., Wuhan, HB, CHN) cell lines were cultured in supplemented Dulbecco’s Modified 
Eagle’s medium (DMEM; 10% FBS, 1% penicillin/streptomycin, Gibco, Grand Island, USA) at 37°C with 5% CO2. To 
mimic a diabetic environment, the diabetes-induced medium was used, containing glucose (25 μM; Sigma) and palmitate 
(500 μM; Sigma).37 The mesenchymal stem cell (MSCs) basal medium was substituted to induce osteogenic differentia-
tion of MC3T3-E1 cells (Oricell, Cat #MUXMT90021), with refreshment every three days. The cell cocultured with 
scaffolds were categorized into the following groups: 3D printing PCL scaffold (PCL), 3D printing PCL/β-TCP scaffold 
(PCL/β-TCP), 3D printing PCL/β-TCP scaffold composite SA hydrogel (PCL/β-TCP/SA), 3D printing PCL/β-TCP 
scaffold composite SA hydrogel, and MT@PLGA NPs (PCL/β-TCP/SA/MT).

Cell Counting Kit-8 (CCK-8) Assay
MC3T3-E1 and bEnd.3 cells were cultured with different groups of scaffolds after 1, 4, and 7 days, and evaluated the 
cytotoxicity and cell proliferation using a Cell Counting Kit 8 (Abbkine, Cat# KTA1020). Briefly, at 3 h after adding the 
CCK-8 reagent to 10% of the medium, the absorbance (450 nm) was assessed utilizing a microplate reader (Bio- 
TekELx800) and proliferation curves for cells of various groups were then plotted.

Live/Dead Assay
For a visual assessment of cell culture with different groups of scaffolds, a live/dead kit (Baiaolaibo, China, 
Cat#HR8279) was employed to assess cell viability after culturing with scaffolds for 3 days. Dye diluent and serum- 
free culture medium were used to dilute calcein-AM and EthD-I to prepare a live/dead solution, and 500 μL of the 
solution was added. Following that, cells were incubated for 15 min. Live and dead cell images were acquired using 
a fluorescence microscope (Nikon, Tokyo, Japan). Live cells were green-stained with calcein-AM, while dead cells were 
red-stained with EthD-I.

Immunofluorescence Staining
MC3T3-E1 and bEnd.3 cells and different groups of scaffolds were cultured for 48 h. The cells were washed with PBS 
and subsequently fixed with paraformaldehyde (4%) and incubated with primary antibodies vinculin (Sigma, 
Cat#V9131), NF-E2–related factor 2 (Nrf2, Cell Signaling Technology, Cat#12,721), vascular endothelial growth factor 
(VEGF, HUABIO, Cat#HN0727), cluster of differentiation 31 (CD31, Abcam, Cat # ab28364), angiopoietin 2 (Ang2, 
HUABIO, Cat#RT1046) overnight at 4°C. On the following day, the cells were rinsed with PBS to eliminate unconju-
gated primary antibodies and were then incubated with a fluorescent secondary antibody (Abcam, Cat#ab150113) for 1 
h. Then, DAPI was stained nuclei. A confocal laser-scanning microscopy (Zeiss, Germany) was utilized to acquire 
fluorescence images.

Alkaline Phosphatase (ALP)activity
Following the previously described protocol, MC3T3-E1 cells were cultured with various groups of scaffolds in 
a diabetic environment with osteogenic induction medium. ALP staining was conducted utilizing a BCIP/NBT staining 
kit (Cat#C3206; Beyotime) after 14 days of culture. In summary, cells were fixed with 4% paraformaldehyde for 15 min 
and submerged in a dyeing working solution for 30 min. After washing away excess stain with PBS, the overall 
appearance of the cells on the scaffold was shot utilizing a camera, and the staining details were examined under an 
optical microscope (Nikon, Japan). The ALP activity was assessed using a commercial assay kit (Cat#P0321, Beyotime 
Biotechnology) following the instructions. The measurement of ALP activity was conducted at a wavelength of 405 nm.
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Alizarin Red Staining (ARS)
The mineralized nodules produced by MC3T3-E1 cells were stained with ARS to evaluate the efficacy of the different 
groups of scaffolds in promoting bone regeneration under diabetic conditions. In the third week of the experiment, the 
cells were fixed with PFA (4%) and rinsed with PBS. Subsequently, 2% (w/v) ARS solution was introduced into 
the wells. After a 10 min incubation, excess ARS was washed away, and images were captured using a camera, and the 
staining details were observed using optical microscopy (Nikon, Japan). To quantify ARS, the mineral deposits were 
dissolved in 10 mM cetylpyridinium chloride (Aladdin, China), and the absorbance values were measured at 570 nm 
using a Microplate Reader (Bio-TekELx800).

Quantitative Real-Time PCR
MC3T3-E1 and bEnd.3 cells were cultured with scaffolds of each group in osteogenic induction medium (OriCell, 
MUXMT-90021) for seven days. Expression levels of osteogenesis-, angiogenesis-, and anti-oxidation-related genes, 
collagen type 1a1 (Col1a1), osteopontin (OPN), runt-related transcription factor 2 (Runx2), osterix (OSX), bone 
morphogenetic protein-2 (BMP-2), ALP, CD31, angiopoietin 1 (Ang1), Ang2, VEGF, catalase (CAT), Keap1 (Kelch- 
like ECH-associated protein 1), Nrf2, heme oxygenase 1(HO-1), and superoxide dismutase 2 (SOD2) were assessed 
utilizing quantitative real-time PCR (qPCR). In summary, total RNA was harvested from MC3T3-E1 and bEnd.3 cells 
from the various groups using an RNA extraction kit (Vazyme, Cat#RC112-01). Subsequently, RNA was converted into 
cDNA using a reverse transcription kit (Vazyme, Cat#R323-01). Real-time PCR was performed using an amplification kit 
(Vazyme, Cat#Q712) and Bio-Rad RT-PCR detection system (CFX96). Primers can be found in the supplementary 
material (Table S1), along with the housekeeping gene GAPDH.

Scratch Wound Healing
The bEnd.3 cells were cultured with different scaffolds until they reached 100% confluence. Straight lines were then 
scratched through the middle of the cells in every well. The full medium was substituted with serum-free medium. 
Images of scratches were captured after 0 and 12 h using the microscope. The average scratch width was quantified using 
ImageJ 6.4 software, and the rates of scratch wound healing were calculated.

Tube-Formation Assay
To assess the scaffold’s capacity to stimulate angiogenesis in a diabetic environment, Matrigel (100 μL well−1; BD 
Biosciences, US) was employed to stimulate tube formation in bEnd.3 cells. The bEnd.3 cell cultured with various group 
scaffolds for three days were treated with 0.05% trypsin and then seeded at a density of 5×104 cells/well in a 96-well 
plate. The plate had been pre-coated with growth factor-reduced Matrigel. After a 6-hour incubation period, the 
formation of tubes by bEnd.3 was viewed under a microscope (Nikon, Japan). Subsequently, ImageJ6.4 software was 
utilized to quantify tube formation parameters and the mean tube length per field.

ELISA Assay
After bEnd.3 cell was cultured with the scaffolds for 72 h, the supernatant from the cell culture was collected for enzyme- 
linked immunosorbent assay (ELISA) to assess the secretion of VEGF and PDGFA, which are key cytokines crucial for 
mediating angiogenesis and angiogenesis-osteogenesis coupling, respectively. The concentrations of VEGF (Meimian, 
Cat #MM-44452M2) and PDGFA (Solarbio, Cat # SEKM-0159) were measured using ELISA kits in accordance with the 
instructions provided by the manufacturer.

Measurement of Intracellular ROS
To assess the scaffold’s capacity to mitigate the intracellular reactive oxygen species (ROS), the ROS level was measured 
based on the fluorescence intensity of 2′7′-dichlorofluorescein (DCF). After the b.End3 cells were cultured with scaffolds 
from different groups for 72 h, they were treated with DCFH-DA (Sigma, 10 μmol L−1) solution, and DCF fluorescence 
was visualized under a confocal microscope (Zeiss, Germany).
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Western Blot Assay
Proteins were obtained from cell extracts and quantified utilizing a BCA protein assay kit (Beyotime, China). Equal 
quantities of protein were loaded and subjected to SDS-PAGE separation. Subsequently, the samples were transferred to 
PVDF membranes (0.45 μm, Millipore, US) and target proteins (NRF2, Cell Signaling Technology, Cat#12721; VEGF, 
HUABIO, Cat#HN0727; CD31, Abcam, Cat # ab28364; Ang2, HUABIO, Cat#RT1046) were detected using a specific 
antibody. Stained bands were visualized using a chemiluminescence detection system, and the gray values were analyzed 
using ImageJ6.4 software.

Lipid Peroxidation MDA Assay
A lipid peroxidation (malondialdehyde, MDA) analysis kit (Abbkine, Cat # KTB1050) was used to estimate the effects of 
scaffolds on MDA. The bEnd.3 cells were collected and rinsed with cold PBS. Following centrifugation, the supernatant was 
removed, and 1 mL of pre-cooled extraction buffer was added and crushed for 5 min using ultrasonic waves in an ice bath. Next, 
the centrifugation was performed at 13,000 × g for 10 min (4°C), and the supernatant was obtained. The provided processing 
steps were adhered to the treatment of both samples and standards. A volume of 200 μL from the supernatant was transferred to 
a 96-well plate for analysis, and the absorbance was measured at 532 nm and 600 nm using a microplate reader. The standard 
curve was constructed based on the difference between A532 and A600.

Superoxide Dismutase (SOD) Assay
A SOD assay (Abbkine, Cat # KTB1030) was used to evaluate the impact of the scaffolds on SOD activity. bEnd.3 cells 
were gathered, rinsed with pre-cooled PBS, subjected to centrifugation for 2 min at 800 × g, then removed the 
supernatant. Then 1 mL of 1×Lysis buffer was suspended in cells, kept on ice for 10 min, and subjected to centrifugation 
at 12,000 × g for 5 min (4°C), and the supernatant was analyzed. The samples and standards were prepared following the 
recommended steps. The absorbance at 450 nm was determined using a microplate reader, and SOD activity was 
subsequently calculated.

Glutathione (GSH) Assay
A GSH assay (Abbkine, Cat # KTB1600) was performed according to the kit protocol to evaluate the impact of the 
scaffolds on GSH activity. The bEnd.3 cells were rinsed with cold PBS twice and resuspended the extraction buffer. The 
cells underwent two cycles of freeze-thawing, alternately in liquid nitrogen and a hot water bath (37°C). After 10 min 
centrifuged (4°C), supernatant was obtained. The provided processing steps were adhered to for the treatment of both 
samples and standards, and the absorbance was gauged at 412 nm utilizing a microplate reader.

Hydroxyl Radical Scavenging Assay
A Hydroxyl radical scavenging assay (Abbkine, Cat # KTB1091) was performed to assess the hydroxyl radical 
scavenging ability of the scaffolds. The cells were collected in a centrifuge tube, cleaned with cold PBS, and the 
supernatant was discarded. One milliliter of deionized water was added, and the cells were broken for 5 min by ultrasonic 
waves in an ice bath. Subsequently, centrifugation was carried out at 10,000 × g for 10 min (4°C), and the supernatant 
was harvested for further analysis. The provided processing steps were adhered to for the treatment of both samples and 
standards, and the absorbance was measured at 520 nm using a microplate reader.

RNA-Sequencing
The bEnd.3 cells cultured in DM medium with or without the MT nanocomposite scaffold (DM group and PCL/β-TCP 
/SA/MT group) were harvested, and RNA was extracted. After RNA integrity detection, reverse transcription was 
performed to generate a cDNA library for subsequent sequencing.
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In vivo Animal Studies
All the animal procedures obeyed the guidelines of Animal Care and Use of the Southern University of Science and 
Technology University (Approval Number: SUSTech-JY2-202208022). Eight-week-old male C57 mice (21–25 g) were 
fed a high-fat diet for two weeks after intraperitoneal injection of 120 mg/kg streptozotocin (STZ). After seven days, 
blood glucose levels were assessed through tail cutting. A DM model was successfully constructed when the fasting 
blood glucose level exceeded 13.8 mmol/L which can be used for follow-up investigations.

Diabetic mice were randomly distributed into 3 groups, including the DM group (diabetic mice with skull defects), 
PCL/β-TCP/SA/MT group (MT nanocomposite scaffold was implanted in diabetic mice with skull defects), and PCL/β- 
TCP/SA/MT/ML385 group (MT nanocomposite scaffold was implanted in diabetic mice with skull defects and 
intraperitoneally injected with an NRF2 inhibitor, 30 mg/kg). First, mice were intraperitoneally injected with the 
anesthetic 2.5% avertin. To expose the calvarium, a midline incision was created from the pupillary line to the occipital 
region, Subsequently, a 4 mm diameter calvarial defect was generated on the unilateral parietal bone using a cranial drill. 
After the skull was removed, the MT nanocomposite scaffold was implanted into the bone defects area, and then sutured 
the incision. Post-surgery, intramuscular injections of penicillin (10,000 U) were administered for three consecutive days 
to prevent infection.

For the assessment of the new bone formation, the skull underwent Micro CT scanning (60 kV and 100 μA radiation 
source) at 4 and 8 weeks. The designated region of interest (ROI) encompassed the complete defect area containing the 
newly formed bone, and parameters such as bone mineral density (BMD), trabecular number (Tb. N), and trabecular 
separation/spacing (Tb. Sp) were computed. After scanning, the calvarial bone was retrieved and fixed using 4% 
paraformaldehyde (PFA), followed by decalcification for approximately 21 days in EDTA (10%). After dehydration, 
the bone tissue was embedded in paraffin and was subsequently sectioned into 5 μm-thick slices for staining with 
hematoxylin and eosin (H&E) as well as Masson’s trichrome.

Statistical Analysis
The statistical significance of differences between the two groups was assessed using t-tests, while comparisons among 
multiple groups were conducted using one-way analysis of variance. In all analyses, statistical significance was set at p < 0.05.

Results
Characterization of NPs and Scaffolds
MT@PLGA NPs were successfully prepared via the process of emulsion solvent evaporation (Figure 1a). To investigate 
how the characteristics of the resulting NPs are affected by the process parameters, different mass ratios of MT@PLGA 
(MT: PLGA =1:5, 1:3, 1:1, and m: m) in the feed were studied. Although the drug loading of MT@PLGA ratio (1:3) 
exhibited no significant disparity compared with the MT@PLGA ratio (1:1), it surpassed the values obtained from the 
MT@PLGA ratio (1:5) (Figure 1b). Among the different MT@PLGA ratios investigated, the MT@PLGA ratio (1:3) 
exhibited the most favorable encapsulation efficiency (Figure 1c). Importantly, an MT@PLGA ratio (1:3) yielded NPs 
with a small size of approximately 364 nm and the most favorable polymer dispersity index, indicative of heightened 
stability (Figure 1d and e). Therefore, we selected the optimal mass ratio of MT@PLGA (1:3) to prepare NPs for 
integration into our subsequent experiments to obtain an ideal nano-carrier for co-delivery.

MT@PLGA NPs were characterized in detail using SEM, XRD, and FT-IR. The SEM images (Figure 1f) show that 
the NPs are spherical and monodisperse, with a mean diameter of approximately 300–400 nm. The FT-IR spectra of both 
PLGA and MT@PLGA NPs showed C=O stretching at 1756 cm−1, which is a characteristic peak of PLGA. NH2- 
stretching peak at 3275 cm−1, belonging to MT, was observed in the spectrum of MT@PLGA NPs (Figure 1g).24 The 
XRD analysis was performed to examine the crystallinity of PLGA, MT, the MT@PLGA physical mixture, and 
MT@PLGA NPs (Figure 1h). The XRD patterns of MT showed sharp peaks at diffraction angles of 2θ (16.2, 18.9, 
24.1, 24.8, and 26.1)38 indicating its crystalline structure. PLGA showed no distinct peak, demonstrating that the 
polymers were amorphous.39 The MT@PLGA physical mixture exhibited an approximate composition of the individual 
patterns of both MT and PLGA. The XRD pattern of the MT@PLGA NPs resembled the amorphous structure of PLGA, 
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lacking the characteristic peaks of MT. This observation suggested the substantial presence of amorphous material and 
the absence of crystalline peaks, providing evidence of the formation of the PLGA-encapsulated NPs.

The three-dimensional architecture of 3D printing scaffolds and integration of MT@PLGA NPs are depicted (Figure 1j 
and k). The SEM images displayed an intricate pore structure, which revealed a consistent and uniform appearance of 
interconnected pores within the scaffolds, measuring approximately 200 μm (Figure 1l and m). This dimension aligns 
harmoniously with the ideal range of pore sizes in bone tissue engineering for porous implant materials.40 Furthermore, 
a small amount of β-TCP particles were detected on the surface of PCL/β-TCP scaffolds in contrast to pure PCL scaffolds. 
Additionally, a significant quantity of MT@PLGA NPs was evenly dispersed on the SA coating film. The drug release 
profiles exhibited consistent patterns across various NPs ratios, with complete release occurring over a span of approxi-
mately 20 days. Notably, the release rates did not vary significantly among different NPs proportions. Leveraging the 
retentive properties of the SA hydrogel, the PCL/β-TCP/SA/MT group demonstrated a more gradual release rate than the 
pure NPs, which maintained a sustained release profile for approximately 40 days (Figure 1n).

The XRD pattern (Figure 1o) showed that the three highest diffraction peaks at 2θ values of approximately 27.7°, 
31.0°, and 34.3° were assigned to the peak characteristics of the β-TCP.41 PCL polymer, which showed two sharp 
characteristic peaks at 2θ values of approximately 21.9° and 24.4°42 indicating its semi-crystalline nature. For the PCL/β- 
TCP scaffold, the characteristic peaks of PCL and β-TCP showed a moderate reduction, indicating that crystallinity 
decreased after the FDM process. The FT-IR spectrum (Figure 1p) showed CH3, CH2, and C=O vibrational peaks 
corresponding to PCL at 2936, 2864, and 1721 cm−1 respectively.43 The β-TCP powder spectra exhibited strong 
absorption bands at about 1018, 605, and 546 cm−1 which are typical functional groups of PO4

3-.44 The PCL/β-TCP 
scaffolds showed a combination of PCL and β-TCP typical infrared absorption bands. SA showed a broad peak at 
3255 cm−1 for the O-H group, and asymmetric and symmetric stretching of the C=O group were observed at 1599 and 
1406 cm−1. After cross-linking, the stretching vibrations of O-H bonds in calcium alginate (CA) exhibited a narrower 
appearance compared to SA. This narrower profile is attributed to the involvement of hydroxyl and carboxylate groups of 
alginate in the formation of a chelating structure with calcium ions, resulting in a subsequent reduction in hydrogen 

Figure 1 Characterization of MT@PLGA NPs and 3D-printed scaffold. (a) Preparation of NPs by emulsion solvent evaporation method. (b–e) Drug loading, encapsulation, 
particle size, and polymer dispersity index (PDI) of MT@PLGA NPs with different MT and PLGA mass ratios. (f) SEM image of MT@PLGA NPs (1:3) with different 
magnifications. (g and h) FT-IR and XRD patterns confirmation of the synthesis of MT@PLGA NPs. (i) Fabrication of MT nanocomposite scaffolds. (j and k) Overview and 
local microscope amplification of different scaffolds (PCL, PCL/β-TCP, PCL/β-TCP/SA and PCL/β-TCP/SA/MT scaffolds). (l and m) SEM image of different scaffolds. (n) In 
vitro release profiles of NPs and MT nanocomposite scaffold. (o and p) FT-IR and XRD patterns of different components contained in scaffolds. (q and r) Water contact 
angles of different scaffolds. (s) Compressive strength of different scaffolds. n = 3; **p < 0.01.
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bonding between hydroxyl functional groups.45 Intriguingly, the water contact angles in the SA coating film scaffolds 
were markedly smaller than PCL and PCL/β-TCP scaffolds, demonstrating a substantial improvement in hydrophilicity 
(Figure 1q and r). Mechanical test revealed that the PCL/β-TCP (21.1 ± 1.2 MPa), PCL/β-TCP/SA (21.3 ± 0.5 MPa), and 
PCL/β-TCP/SA/MT (21.1 ± 0.4 MPa) groups demonstrated similar compressive strength (Figure 1s), which is similar to 
cancellous bone.46

Biosafety and Cell Adhesion of Scaffolds
To better understand the biological functions of NPs, it is essential to ascertain the optimal dosage of MT@PLGA NPs on 
the scaffolds. Therefore, we fabricated scaffolds containing varying concentrations of MT@PLGA NPs (0, 20, 40, 60, 
and 80 mg/mL). The CCK-8 test was applied to measure the cytotoxicity of varying doses of MT@PLGA NPs in 
MC3T3-E1 and b.End3 cells seeded on scaffolds. The results showed that MC3T3-E1 and b.End3 cell proliferation was 
dose-dependent, and the cells showed the best proliferation activity on scaffolds containing 40 mg/mL MT@PLGA NPs 
at 1,4,7 days (Figure S1). When the concentration of MT@PLGA NPs was > 40 mg/mL, cell proliferation began to 
decline, indicating that MT@PLGA NPs are cytotoxic at high doses. Therefore, the concentration of 40 mg/mL 
MT@PLGA NPs was chosen in the final scaffolds.

Next, we evaluated cell proliferation, viability (live/dead), and adhesion to explore the effects of the different 
scaffolds on cell biological functions. MC3T3-E1 and b.End3 cell cultures in all groups demonstrated robust growth 
and displayed substantial proliferation in CCK-8 assay at 1, 4, and 7 d (Figure 2a and b). Furthermore, the cells in the 
PCL/β-TCP/SA/MT group grew faster than those in the scaffolds of the other three groups. Next, live/dead cell staining 
was employed for the direct assessment of the cell activity in the various groups. The result showed that nearly all cells 
remained viable in the experimental groups after being cultured for three days (Figure 2c and d). Moreover, immuno-
fluorescence staining was employed to examine both the spreading area of cells and the expression of vinculin 
(Figure 2e–j). The results of the semi-quantitative analysis showed that the average spreading area of MC3T3-E1 cells 
in both PCL/β-TCP/SA and PCL/β-TCP/SA/MT groups was larger than that in the PCL and PCL/β-TCP groups 
(Figure 2h) as for the b.End3 cells only PCL/β-TCP/SA/MT group exhibits a notable difference from the PCL group 
(Figure 2j). The expression of the membrane-cytoskeletal protein vinculin in b.End3 cells were significantly increased in 
the PCL/β-TCP/SA/MT group in comparison to that in the PCL group (Figure 2i), with no obvious distinction observed 
among the four groups in the MC3T3-E1 cells (Figure 2g). These results indicated that the MT nanocomposite scaffold 
effectively improved cell adhesion and motility. Overall, immunofluorescence combined with CCK-8 and live/dead cell 
experimental results revealed that the MT nanocomposite scaffold exhibited excellent cytocompatibility for further 
investigation.

Effects of Scaffolds on Osteogenic Differentiation of MC3T3-E1 Cell Under DM 
Conditions
The effects of different scaffolds on early osteogenic differentiation and osteogenic mineralization of MC3T3-E1 cells 
were detected by ALP and alizarin red staining, respectively. On Day 7, ALP staining on the scaffold surface in the PCL/ 
β-TCP/SA/MT group exhibited a deeper intensity compared to the other three groups (Figure 3a and b). In addition, ALP 
activity was notably elevated in the PCL/β-TCP/SA/MT group than in the other three groups (Figure 3c). On Day 21, 
MC3T3–E1 cells in the PCL/β-TCP/SA/MT group formed deep-stained red calcium nodules, whereas the color of the 
other three groups was lighter (Figure 3d and e), and the quantitative analysis of ARS calcium nodules also exhibited the 
same trends (Figure 3f). These results demonstrated that MC3T3-E1 cells within the MT nanocomposite scaffold 
displayed enhanced osteogenic differentiation, surpassing the performance of the other three groups. Transcriptional 
level assessment was conducted to evaluate the osteogenic differentiation of MC3T3-E1 cells. The expression of 
osteogenesis-related genes including Col1, OPN, BMP-2, OSX, Runx2, and ALP were noticeably higher in the PCL/β- 
TCP/SA/MT group than in the other three groups (Figure 3g). Moreover, compared with the PCL group, the PCL/β-TCP, 
and PCL/β-TCP/SA groups exhibited improved osteogenic differentiation ability (Figure 3g) because β-TCP promoted 
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Figure 2 Biosafety and cell adhesion of scaffolds. (a and b) Proliferation of MC3T3-E1 and b. End3 cells after culture with scaffolds for 1, 4, and 7 days using the CCK-8 kit. 
(c and d) Live/dead staining of MC3T3-E1 and b. End3 cells culture with different scaffolds after 3 days incubation. (e and f) Immunofluorescence staining of vinculin in 
MC3T3-E1 and b. End3 cells after 48 h. (g–j) Fluorescence intensity of vinculin and the ratio of cell overall area to nucleus area in MC3T3-E1 and b. End3 cells were 
calculated. n=3, *p < 0.05, **p < 0.01.
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osteogenic differentiation through the release of calcium ions.29 These findings indicated that the MT nanocomposite 
scaffold can effectively promote the osteogenesis of MC3T3-E1 cells in diabetic conditions.

Effects of Scaffolds on the Angiogenesis of b.End3 Under DM Conditions
Figure 4a illustrates the outcomes of scratch experiments involving b.End3 cells under diabetic conditions across 
different scaffold groups. Notably, b.End3 cells exhibited substantial migration-induced healing within 12 h in all 

Figure 3 The osteogenic properties of different scaffolds in vitro. (a) ALP staining of MC3T3-E1 cell cultured on scaffolds after 7 days. (b) ALP staining images under 
microscope. (c) The quantification of ALP activity. (d) Alizarin red staining of MC3T3-E1 cell cultured on scaffolds after 21 days. (e) Alizarin red staining images under 
microscope. (f) The quantification analysis of ARS staining. (g) The osteogenic gene expression of MC3T3-E1 cell culture with different scaffolds for 7 days. n=3, *p < 0.05, 
**p < 0.01.
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Figure 4 The angiogenesis properties of different scaffolds in vitro. (a) Scratch wound healing of b. End3 cultured with different scaffolds after 12 h, scale bar = 200 μm. (b) 
Statistical analysis of wound healing. (c) Tubule formation of b. End3, scale bar = 200 μm. (d and e) Quantitative analysis of nodes and total tube length. (f) Quantitative 
analysis of the angiogenesis-related gene expression. (g–j) The protein level of angiogenesis-related genes by Western blot analysis in b. End3 cells. (k) ELISA quantitative 
results of cytokine PDGFA secreted from VECs. (l and m) Immunofluorescence images of Ang2, CD31, and VEGF staining (scale bar: 50 μm) and relative quantitative 
analysis of fluorescence intensity. (n–q) Activity of lipid oxidation metabolites MAD, antioxidant enzymes SOD, GSH, and hydroxyl radical scavenging rate of b. End3. n=3, *p 
< 0.05, **p < 0.01.
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experimental groups. Statistical analysis showed that the healing effect in the PCL/β-TCP/SA/MT group was remarkably 
greater than that in PCL, PCL/β-TCP, and PCL/β-TCP/SA groups, whereas there was no considerable variation between 
the other three groups (Figure 4b). In the tubule formation experiment, b.End3 cells in the PCL/β-TCP/SA/MT group 
exhibited the ability to form tubular structures within 6 hours. In contrast, cells in the PCL, PCL/β-TCP, and PCL/β-TCP 
/SA groups only generated numerous vascular branching structures with discontinuous tubular walls (Figure 4c). 
Statistical analysis revealed that both the number of vascular branch nodes and the total vessel length in the PCL/β- 
TCP/SA/MT group surpassed those in the PCL, PCL/β-TCP, and PCL/β-TCP/SA groups (Figure 4d and e). RT-PCR was 
applied to evaluate the angiogenesis activity of b.End3 cells at the transcriptional level. After co-culture, angiogenesis- 
associated genes, including CD31, ANG1, ANG2, and VEGF, were significantly upregulated in the PCL/β-TCP/SA/MT 
group than in the other three groups (Figure 4f). Western blot and immunofluorescence indicated that in comparison with 
the other three groups, angiogenesis-related proteins (VEGF, CD31, and Ang2) in the PCL/β-TCP/SA/MT group were 
significantly upregulated (Figure 4g–m). These findings indicated that the MT nanocomposite scaffold effectively 
facilitated the angiogenesis of b.End3 cells under diabetic conditions. To verify the antioxidant performance of different 
scaffolds, we determined a series of antioxidant indexes including MDA, GSH, SOD, and hydroxyl radical scavenging 
assay in b. End3 cells under diabetic conditions (Figure 4n–q). The results showed notably diminished MDA levels in the 
PCL/β-TCP/SA/MT group (Figure 4n). Meanwhile, PCL/β-TCP/SA/MT group showed the highest GSH and SOD 
activities and the most robust capacity for scavenging free radicals (Figure 4o–q), indicating that the MT nanocomposite 
scaffold possesses favorable antioxidant activity under diabetic conditions.

Mechanism of Scaffolds on the Angiogenesis Under DM Conditions
To understand the underlying mechanisms through which the MT nanocomposite scaffold promotes angiogenesis, we 
conducted an RNA-sequencing assay to analyze the differentially expressed genes (DEGs) between the DM and PCL/β- 
TCP/SA/MT groups. Furthermore, we analyzed osteogenesis, angiogenesis, and antioxidant-related functions of the 
target genes via Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. 
Transcriptomic sequencing results are shown in Figure 5. The heatmap of DEGs demonstrated that the transcriptome 
profile exhibited evidently changes between the PCL/β-TCP/SA/MT and DM groups (Figure 5a). In comparison to the 
DM group, there were 781 upregulated DEGs and 584 downregulated DEGs in the PCL/β-TCP/SA/MT group, as shown 
in the volcano map (Figure 5b). To understand the functions of the identified DEGs, GO (Figure 5c) and KEGG 
(Figure 5d) pathway enrichment analyses were performed. Statistical analysis of GO for DEGs revealed an upregulation 
in the expression of genes associated with biological processes responding to reduced oxygen levels (Figure 5c). The 
KEGG enrichment analysis scatter plot showed that oxidative stress- and inflammation-related signaling pathways were 
among the top 20 signaling pathways with the most significant differences (Figure 5d). These pathways included the 
AGE-RAGE signaling pathway in diabetic complications, the TNF signaling pathway, the HIF-1 signaling pathway, and 
the NF-kappa B signaling pathway. Further screening of genes related to the response to decreased oxygen levels 
indicated that the expression of almost all the genes related to the decrease in oxygen levels was significantly down-
regulated in the DM group, whereas it was significantly increased in the PCL/β-TCP/SA/MT group (Figure 5e). 
Moreover, gene screening of heat maps for antioxidation and vascular-related DEGs showed that HO-1, Wnt, Fgfr3, 
VEGFA, Col1a1, Sod3, and Col9a1 were significantly upregulated, while Keap1 decreased significantly in the PCL/β- 
TCP/SA/MT group compared to the DM group (Figure 5f). Keap1 serves as a well-known antagonist of Nrf2, 
sequestering Nrf2 in the cytoplasm through ubiquitination and proteasome-mediated degradation. Therefore, the down-
regulation of Keap1 potentially signifies the activation of Nrf2.47 The protein-protein interaction (PPI) network showed 
that HO-1, Wnt, Fgfr3, VEGFA, Col1a1, Sod3, Col9a1, and Keap1 may interact with proteins (Figure 5g), and the MT 
nanocomposite scaffold may promote angiogenesis under diabetic conditions by regulating this protein network. 
Subsequent qPCR validation (Figure 5h) showed that compared to the DM group, the PCL/β-TCP/SA/MT group 
exhibited a significant increase in the mRNA levels of HO-1, Wnt, Fgfr3, VEGFA, Col1a1, Sod3, and Col9a1, while 
the expression of Keap1 demonstrated a significant decrease, which is consistent with the transcriptome sequencing 
results. These findings indicated that the diabetic environment suppressed the expression of antioxidant and angiogenesis 
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genes, and the MT nanocomposite scaffold exhibited significant antioxidant and angiogenesis abilities under diabetic 
conditions, potentially due to these genetic alterations.

Nrf2 acts as a master regulatory transcription factor, essential for cellular protection against oxidative.48 The RNA- 
sequencing revealed the activation of Nrf2 in VECs after intervening with MT nanocomposite scaffold. To further verify 
the protective mechanism of the MT nanocomposite scaffold in b.End3 cells under diabetic conditions, we used ML385, 
a selective NRF2 inhibitor, to probe the intricate interplay between NRF2 targets and angiogenesis. Three groups of DM 
(b.End3 cell culture under diabetic conditions), PCL/β-TCP/SA/MT (b.End3 cell culture with the MT nanocomposite 
scaffold under diabetic conditions), and PCL/β-TCP/SA/MT/ML385 (b.End3 cell culture with the MT nanocomposite 
scaffold using ML385 (5 μM) under diabetic conditions) were established. First, the levels of intracellular ROS were 

Figure 5 Transcriptome analysis of MT nanocomposite scaffold. (a) DEG heat map according to RNA-seq analysis. (b) The differentially expressed genes in the PCL/β-TCP 
/SA/MT group compared to DM group. (c) GO analysis of differentially expressed genes between PCL/β-TCP/SA/MT group and DM group. (d) KEGG enrichment analysis of 
PCL/β-TCP/SA/MT group compared with DM group. (e) DEG heat map related to response to decreased oxygen levels. (f) Heat map of DEG related to antioxidant and 
angiogenesis in PCL/β-TCP/SA/MT group vs DM group. (g) The PPI network of antioxidant and angiogenesis-related genes. (h) qPCR to verify the expression of DEG mRNA 
related to antioxidant and angiogenesis in Bend.3 cell. n=3; *p < 0.05, **p < 0.01.
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evaluated through fluorescence staining with DCFH-DA (Figure 6a) and quantified using Image J software (Figure 6b). 
The DM group showed the strongest DCF fluorescence intensity compared with the other two groups. The DCF intensity 
in the PCL/β-TCP/SA/MT group was significantly reduced, whereas the inhibitory effect of the MT nanocomposite 

Figure 6 The mechanism of MT nanocomposite scaffold to promote angiogenesis. (a) The DCF fluorescence images represented the ROS level, scale bar: 50 μm. (b) 
Quantitative analysis of the relative DCF fluorescence intensity. (c) qPCR analysis of the mRNA expression levels of intracellular antioxidant and angiogenesis-related genes. 
(d–g) Immunofluorescence images of the Nrf2 and VEGF staining (scale bar: 50 μm) and relative quantitative analysis of fluorescence intensity. (h–j) The protein level of 
Nrf2 and VEGF by Western blot analysis in bEend.3 cell. (k) ELISA quantitative results of cytokine VEGF secreted from VECs. (l) Schematic diagram showing the mechanism 
of Nrf2-mediated angiogenesis activated by MT nanocomposite scaffold. n=3; *p < 0.05, **p < 0.01.
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scaffold on ROS was counteracted in the PCL/β-TCP/SA/MT/ML385 group. These results indicate that the MT 
nanocomposite scaffold significantly decreased DM-induced intracellular ROS levels, which may be mediated by Nrf2 
activation. Furthermore, to explore the potential mechanism, the downstream regulation of MT nanocomposite scaffold 
on Nrf2 downstream was examined using qPCR and immunofluorescence. The transcriptional expression of antioxidant- 
and angiogenesis-related genes, including CAT, SOD, HO-1, Nrf2, and VEGF, was evaluated. qPCR analysis showed that 
the mRNA levels of CAT, SOD, HO-1, Nrf2, and VEGF were higher in the PCL/β-TCP/SA/MT group than in the DM 
group (Figure 6c). Interestingly, the expression of these genes decreased after addition of ML385. Furthermore, the 
results of immunofluorescence and Western blot confirmed that the expression of Nrf2 and VEGF in b.End3 cells 
decreased under diabetic conditions (Figure 6d–j). The fluorescence intensity of Nrf2 and VEGF was enhanced in the 
PCL/β-TCP/SA/MT group, whereas the expression of Nrf2 and VEGF was inhibited after the addition of ML385. The 
results of Western blot showed the same tendency. Consistently, ELISA analysis of VEGF revealed notably elevated 
levels in the PCL/β-TCP/SA/MT group, while the ML385 group exhibited a decrease in VEGF concentration 
(Figure 6k). These results demonstrate that the MT nanocomposite scaffold may promote angiogenesis by facilitating 
VEGF production through activation of the Nrf2/HO-1 signaling cascade under diabetic conditions.

In vivo Bone Regeneration of Nanocomposite Scaffolds
The timeline design of diabetic model construction, diabetic bone defect, and MT nanocomposite scaffold implantation in 
mice were shown in Figure 7a. The diabetic mice model was constructed by administering a high-fat diet along with 
intraperitoneal injections of STZ. After two weeks of high-fat feeding, the body weight and blood glucose of the mice 
increased slightly, and after STZ injection, the blood glucose level quickly reached the hyperglycemia level (>13.8 mmol/ 
L) within a week (Figure 7b and c), indicating that the diabetic mice were successfully induced. Next, to assess the 
impact of MT nanocomposite scaffolds on promoting bone regeneration in diabetic mice and their potential mechanism, 
we implanted MT nanocomposite scaffolds in diabetic mice. After implantation of the MT nanocomposite scaffolds for 
two months, the major organs were collected for pathological evaluation (Figure S2). The results of the long-term 
biosafety assessment confirmed that scaffolds containing MT were non-toxic in vivo, suggesting their potential for 
clinical application in bone defect repair in diabetes.

An in vivo experiment was conducted on diabetic mice with 4 mm diameter calvarial defects, and the cylindrical 
scaffolds were appropriately fitted to the calvarial defects during the surgical procedure (Figure 7d). Micro-CT analysis 
and histomorphometric analysis were performed at 4 and 8 weeks post-surgery, respectively. From the 3D micro-CT 
reconstruction images (Figure 7e), all three groups displayed new bone formation extending from the edge to the center 
of the defects, among which the PCL/β-TCP/SA/MT group presented the best radiological manifestations, followed by 
the PCL/β-TCP/SA/MT/ML385 group. With the passage of time, an increase in new bone tissue was evident in the defect 
area at 8 weeks compared to the observations at 4 weeks in all the groups. Next, micro-architectural parameters, 
including BMD and Tb. N and, Tb. The Sp values measured in the defect area were analyzed (Figure 7f). The micro- 
CT results at 8 weeks postoperatively showed that BMD in the DM group was the lowest compared to that in the PCL/β- 
TCP/SA/MT and PCL/β-TCP/SA/MT/ML385 groups, indicating that the implantation of the MT nanocomposite scaffold 
could accelerate bone healing in diabetes. Besides, the Tb. N in the PCL/β-TCP/SA/MT mice was greater than in DM 
mice, demonstrating the outstanding repair effect of the MT nanocomposite scaffold in vivo. While the Tb. Sp showed 
opposite results for Tb. Sp in the bone is inversely proportional to bone strength. The above analysis demonstrated that 
the MT nanocomposite scaffold improved the damaged diabetic bone microenvironment by the sustained release of MT, 
which was conducive to bone tissue healing, and the Nrf2 may be one of the underlying mechanisms through which the 
MT nanocomposite scaffold promotes osteogenesis.

H&E and Masson’s trichrome staining were used to observe the diabetic bone regeneration within the calvarial defect 
region. The results showed that there are some new bone formation around the calvarial defect in each group, which are 
consistent with the micro-CT images (Figure 8). It was worth noting that the lateral cortical bone of the defect areas in the 
DM group was discontinuous (Figure 8a) and rare trabecular bone structures were observed. In contrast, more new bone 
formation was present in the other two groups and new bone tissue was more abundant in the PCL/β-TCP/SA/MT group 
than in the PCL/β-TCP/SA/MT/ML385 group. Moreover, the differences among the three groups became more evident at 
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Figure 7 The osteogenesis properties of MT nanocomposite scaffold in vivo. (a) The timeline design of diabetic model construction, diabetic bone defect, and MT 
nanocomposite scaffold implantation in mice. (b and c) Body weight and blood glucose were measured for two consecutive weeks to confirm the establishment of diabetic 
mice. (d) diabetic mice were subjected to calvarial defect surgery and intraoperative photos of removing skull pieces and then the MT nanocomposite scaffold (diameter: 
4 mm, height: 1.5 mm) was implanted. (e) 3D reconstructed images showing the effects of MT nanocomposite scaffold on the new bone formation inside the defect site 
(scale bar: 1mm). (f) Quantitative analysis of micro-CT images at 4 and 8 weeks. n=4; *p < 0.05, **p < 0.01.
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Figure 8 Evaluation of in vivo bone defect repair following scaffold implantation through histological and immunofluorescence staining. (a) Images of H&E and Masson 
trichrome staining in the skull defect area at 4 and 8 weeks postoperatively. (b–d) Immunofluorescence staining of Nrf2 and VEGF in the skull defect area at 8 weeks after 
implantation. n=3; *p < 0.05, **p < 0.01.
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eight weeks. Similarly, Masson’s staining also showed that the MT nanocomposite scaffold promoted more new bone 
formation than the other groups (Figure 8a), indicating the excellent capacity for osteogenesis in diabetic bone defects.

To confirm that the Nrf2 pathway was activated during the bone repair process after implantation of the MT 
nanocomposite scaffold, immunofluorescence staining for Nrf2 and VEGF was performed at eight weeks. As shown 
in Figure 8b–d, the fluorescence signal of Nrf2 was higher in the PCL/β-TCP/SA/MT group than in the DM and PCL/β- 
TCP/SA/MT/ML385 groups. The fluorescence signal of VEGF was also more evident in slices of the PCL/β-TCP/SA/ 
MT group (Figure 8b). Quantitative analysis showed that the expression of Nrf2 and VEGF was significantly higher in 
the PCL/β-TCP/SA/MT group than in other groups, suggesting that the MT nanocomposite scaffold could activate the 
Nrf2 signaling pathway and efficiently promote blood vessel formation (Figure 8c and d). These findings further 
indicated that the Nrf2-VEGF pathway enhances angiogenesis in bone defects under diabetic conditions.

Discussion
In this study, we developed an MT nanocomposite scaffold and demonstrated improved osteogenic ability under diabetic 
conditions. The mechanism was the dual effects of the MT nanocomposite scaffold on promoting angiogenesis by 
stimulating the Nrf2/HO-1 signaling pathway, including enhancing the activity of antioxidant enzymes to reduce the 
oxidative stress damage of VECs and directly stimulating VECs to produce VEGF, which rescued the angiogenesis- 
osteogenesis uncoupling in the diabetic bone environment.

To increase the stability and bioavailability of MT and enhance its sustained-release properties, we employed PLGA, 
a biodegradable polymer material, as a sustained nano-carrier for MT. By optimizing our processing techniques, we 
successfully achieved a uniform and stable dispersion of MT@PLGA NPs with particle sizes of approximately 300–400 
nm (Figure 1). 3D printing PCL/β-TCP scaffold for bone tissue engineering has superior compatibility and excellent 
mechanical properties. Mechanical testing of the MT nanocomposite scaffold revealed a compressive strength of 
approximately 21.1 MPa (Figure 1), which was comparable to that of the cancellous bone. However, the growth of 
cells on the PCL/β-TCP scaffold surface was limited because of insufficient biofunctionality and strong hydrophobicity. 
The hydrophilicity of bone implant materials plays a crucial role in influencing osseointegration capacity. Previous 
studies indicate that heightened hydrophilicity of the material can facilitate the adhesion and differentiation of bone 
progenitor cells,49 increase the amount of bone attachment to the implant surface, and expedite the rate of mineralization 
deposition on the implant surface.50 On a conventional titanium implant, the absorption of carbonates and hydrocarbons 
from the surrounding air can lead to a low surface energy, and the surface roughness may contribute to hydrophobicity. 
To counteract these effects, it is essential to hydroxylate the implants, rinse them under nitrogen protection, and store 
them in an isotonic saline solution until use. This process promotes hydrophilicity.51 In the case of PEEK materials, their 
inherent hydrophobic and biologically inert nature can result in poor osseointegration. To address this limitation, the 
hydrophilicity and bioactivity of PEEK materials are enhanced through surface modification techniques within the realm 
of biomaterials.50 Because the SA hydrogel demonstrated excellent properties, such as good biocompatibility, bioadhe-
sion, and hydrophilicity, SA hydrogel modification can markedly improve the hydrophilicity and biological activity of the 
PCL/β-TCP scaffold (Figures 1 and 2). Furthermore, the encapsulation effect of MT@PLGA NPs, combined with the 
retention effect of SA hydrogels, enabled the nanocomposite scaffold to exhibit an MT sustained-release profile that 
lasted for over 40 days (Figure 1), exerting a long-term influence on bone defect repair. Moreover, our results verified 
good biocompatibility of the MT nanocomposite scaffold for heightened proliferation, adhesion, and spread of MC3T3- 
E1 and bEnd.3 cells in vitro (Figure 2).

β-TCP has garnered significant attention in clinical treatments, primarily owing to its notable properties in terms of 
biocompatibility, osteoconductivity, osteoinductivity, and biodegradability thus rendering it well-suited as a bone sub-
stitute for clinical applications. The promising results from various clinical trials underscore the efficacy of β-TCP in 
bone repair, demonstrating outcomes comparable to allografts.52 Our results showed that compared with the PCL 
scaffold, the PCL/β-TCP scaffold can effectively promote osteogenic differentiation of MC3T3 cells (Figure 3). 
Moreover, our in vivo and in vitro results showed that the PCL/β-TCP/SA/MT group exhibited the best osteogenic 
ability (Figures 3 and 7) compared to the other groups under diabetic conditions, which aligns with the findings of prior 
investigations.53,54 The osteogenic ability of the PCL/β-TCP/SA/MT group was demonstrated by marked upregulation in 
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the transcriptional expression of pivotal osteogenic-related genes (RUNX2, OSX, COL1a, OPN, ALP, and BMP2) and 
increased matrix mineralization in MC3T3-E1 cells in vitro (Figure 3). In vivo studies encompassing micro-CT and 
histomorphometric evaluations within T2DM mice also showed more new bone formation and effective bone defect 
repair in the PCL/β-TCP/SA/MT group (Figure 7). Overall, these data demonstrated that MT@PLGA NPs combined 
with PCL/β-TCP/SA scaffolds designed and fabricated in our study could notably enhance osteoblastic differentiation 
and facilitate new bone regeneration under diabetic conditions, exhibiting elevated osteogenesis ability as a novel graft to 
repair diabetic bone defects and indicating potential clinical application in the future.

It was well known that punctually and sufficient angiogenesis during new bone formation is critical and the 
mechanism had been elucidated as intraosseous H-type blood vessels mediating the angiogenesis-osteogenesis coupling 
through a constant supply of bone progenitor cells.7 Although the precise mechanism underlying DBD remains unclear, 
excess accumulation of ROS has been found to trigger oxidative stress damage in VECs, which has been reported as 
a significant pathological mechanism of many DM complications.8 In recent years, our studies have increasingly pointed 
towards ROS-induced VECs damage, H-type vascular lesions, and angiogenesis-osteogenesis uncoupling as pivotal 
mechanisms of DBD.9,12,55 In this study, we also observed a notable elevation of ROS levels in bEnd.3 cells under 
diabetic conditions, but further remarkable reduction when the cells were cultured with the MT nanocomposite scaffold 
(Figure 6). Meanwhile, it was proved that the MT nanocomposite scaffold significantly enhanced the antioxidant 
enzymes activity (GSH, SOD) and improved the free radical scavenging ability of bEnd.3 cells (Figure 4). Angiogenesis- 
related genes (CD31, VEGF, Ang1, and Ang2) and proteins (VEGF, CD31, and Ang2) were upregulated in the PCL/β- 
TCP/SA/MT group, indicating that the MT nanocomposite scaffold reversed oxidative stress damage in VECs and 
promoted angiogenesis in the diabetic environment (Figure 4). Furthermore, we found that the MT nanocomposite 
scaffold promoted the osteoblastic differentiation through the augmentation of communication between bEnd.3 and 
MC3T3-E1 cells, which was demonstrated by pronounced paracrine cytokine PDGFA secretion from VECs in PCL/β- 
TCP/SA/MT group (Figure 4). These results indicate that the MT nanocomposite scaffold might rescue the angiogenesis- 
osteogenesis uncoupling from ROS-induced oxidative stress damage to VECs and thus tend to facilitate new bone 
formation and bone defect repair under diabetic conditions.

Nrf2 is a well-known antioxidant transcription factor that responds to oxidative stress, safeguards cells by binding to 
antioxidant response elements in the nucleus, and stimulates the transcription of relevant antioxidant genes, such as HO- 
1, SOD, and CAT.56 The Nrf2/HO-1 pathway is among the main mechanisms underlying the antioxidant effects of MT. 
Shi et al57 found MT could potentially mitigate renal ischemia/reperfusion damage in diabetes, likely via enhancing the 
Nrf2/HO-1 signaling pathway. Otherwise, MT was reported to improve the osteogenic potential of MC3T3-E1 by 
activating the Nrf2/HO-1 pathway and significantly suppressing ferroptosis under type 2 diabetic conditions.20 In our 
study, the qPCR results demonstrated the genes of Nrf2/HO-1 and other downstream genes of Nrf2 including SOD and 
CAT were down-regulated in DM group and reversed in PCL/β-TCP/SA/MT group (Figure 6). Transcriptome analysis 
also confirmed that HO-1 was upregulated and Keap1 (a negative regulator of Nrf2) downregulated in the PCL/β-TCP 
/SA/MT group, indicating that the MT nanocomposite scaffold activated the Nrf2/HO-1 signaling pathway (Figure 5). 
Combined with the results mentioned previously, these findings demonstrate that the MT nanocomposite scaffold can 
trigger the activation of the Nrf2/HO-1 pathway to reduce VECs oxidative stress damage, promote angiogenesis, and 
ultimately facilitate the angiogenesis-osteogenesis coupling under diabetic conditions.

Although excessive accumulation of ROS leads to the inhibition of Nrf2 activation and subsequent impairment of 
angiogenesis under diabetic conditions,58 the Nrf2/HO-1 signaling pathway exhibited the capability to directly stimulate 
VEGF, thereby promoting angiogenesis in the presence of appropriate concentration of ROS.59 Our immunofluorescence 
and Western blot results showed that the intervention of MT nanocomposite scaffold significantly enhanced the 
expression of Nrf2 and VEGF in vitro (Figure 6). To delve deeper into the role of the Nrf2/HO-1 signaling pathway, 
an Nrf2 inhibitor (ML385) was added to the PCL/β-TCP/SA/MT group. Interestingly, the transcriptional expressions of 
HO-1 and VEGF were significantly downregulated (Figure 6). The data of the in vivo experiments consistently exhibited 
the same trend. The expression of Nrf2 and VEGF was downregulated in the diabetic mice injected with ML385 
(Figure 8). These findings suggest that the MT nanocomposite scaffold may directly promote angiogenesis by activating 
the Nrf2/HO-1 pathway as ROS overproduction is suppressed through antioxidants. Briefly, we speculated that the MT 
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nanocomposite scaffold may exert dual angiogenesis effects through the Nrf2/HO-1 signaling pathway. The MT 
nanocomposite scaffold protected VECs from oxidative stress damage induced by the diabetic environment via increas-
ing the activity of antioxidant enzymes and then directly promoting VEGF production through the Nrf2/HO-1 signaling 
pathway activated via reduced ROS concentration.

Conclusion
In this study, we successfully fabricated MT nanocomposite scaffolds with sustained MT release and improved 
osteogenic ability as novel bone grafts for DBD defect repair. The MT nanocomposite scaffold could effectively promote 
new bone formation and diabetic bone defect repair, and the underlying mechanism was dual angiogenesis effects by 
activating the Nrf2/HO-1 signaling pathway, which protects VECs from oxidative stress damage and simultaneously 
promotes VEGF production directly. Our study highlighted the potential of the MT nanocomposite scaffold as a novel 
bone graft, positioning it as a promising candidate for the treatment of diabetic bone defects.
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