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A sponge-like nanofiber melatonin-loaded scaffold accelerates vascularized 
bone regeneration via improving mitochondrial energy metabolism 
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A B S T R A C T   

Electrospun nanofibers have been widely employed in bone tissue engineering for their ability to mimic the 
micro to nanometer scale network of the native bone extracellular matrix. However, the dense fibrous structure 
and limited mechanical support of these nanofibers pose challenges for the treatment of critical size bone defects. 
In this study, we propose a facile approach for creating a three-dimensional scaffold using interconnected 
electrospun nanofibers containing melatonin (Scaffold@MT). The hypothesis posited that the sponge-like Scaf-
fold@MT could potentially enhance bone regeneration and angiogenesis by modulating mitochondrial energy 
metabolism. Melatonin-loaded gelatin and poly-lactic-acid nanofibers were fabricated using electrospinning, 
then fragmented into shorter fibers. The sponge-like Scaffold@MT was created through a process involving 
homogenization, low-temperature lyophilization, and chemical cross-linking, while maintaining the micro-
structure of the continuous nanofibers. The incorporation of short nanofibers led to a low release of melatonin 
and increased Young’s modulus of the scaffold. Scaffold@MT demonstrated positive biocompatibility by pro-
moting a 14.2 % increase in cell proliferation. In comparison to the control group, Scaffold@MT significantly 
enhanced matrix mineralization by 3.2-fold and upregulated the gene expression of osteoblast-specific markers, 
thereby facilitating osteogenic differentiation of bone marrow mesenchymal stem cells (BMMSCs). Significantly, 
Scaffold@MT led to a marked enhancement in the mitochondrial energy function of BMMSCs, evidenced by 
elevated adenosine triphosphate (ATP) production, mitochondrial membrane potential, and protein expression of 
respiratory chain factors. Furthermore, Scaffold@MT promoted the migration of human umbilical vein endo-
thelial cells (HUVECs) and increased tube formation by 1.3 times compared to the control group, accompanied by 
an increase in vascular endothelial growth factor (VEGFA) expression. The results of in vivo experiments indicate 
that the implantation of Scaffold@MT significantly improved vascularized bone regeneration in a distal femur 
defect in rats. Micro-computed tomography analysis conducted 8 weeks post-surgery revealed that Scaffold@MT 
led to optimal development of new bone microarchitecture. Histological and immunohistochemical analyses 
demonstrated that Scaffold@MT facilitated bone matrix deposition and new blood vessel formation at the defect 
site. Overall, the utilization of melatonin-loaded nanofiber sponges exhibits significant promise as a scaffold that 
promotes bone growth and angiogenesis, making it a viable option for the repair of critical-sized bone defects.   
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1. Introduction 

The prevalence of bone defects resulting from traffic accidents, 
trauma, congenital malformations, and iatrogenic causes is steadily 
rising, significantly impacting quality of life [1]. Additionally, the 
mortality rate among the elderly population is progressively increasing 
[2]. Currently, autologous and allograft bone grafts are the primary 
approaches employed to address substantial bone defects. Nevertheless, 
these methods possess certain drawbacks, such as limited availability, 
susceptibility to infection and complications, and the potential for im-
mune rejection [3]. In recent years, bone tissue engineering has emerged 
as a promising avenue for the repair of bone defects. Functional mate-
rials are integrated in a cohesive manner to construct an intelligent 
platform, while the incorporation of suitable growth factors is employed 
to enhance or restore biological tissue, thereby facilitating the effective 
remediation of bone defects [4]. 

Electrospinning, a powerful and extensively employed 
manufacturing technique, has garnered significant interest in the field of 
tissue engineering due to its ability to fabricate fibrous networks ranging 
from micro-to nanometer scale, utilizing diverse biomaterials including 
synthetic polymers, collagen, silk fibronin, and composite materials [5]. 
Electrospun nanofibers possess the ability to replicate the composition 
and arrangement of the native extracellular matrix (ECM), thereby 
promoting cell adhesion and proliferation. This is primarily attributed to 
their interconnected porous structure, high surface-to-volume ratio, and 
favorable biocompatibility [6]. Presently, these two-dimensional (2D) 
nanofibers are employed as synthetic periosteum for the purpose of 
mending calvarial defects, typically in the form of membranes or 
meshes. To illustrate, Cui et al. successfully fabricated a coaxial elec-
trospun nanofibrous mat, comprising a dexamethasone-loaded core 
layer and a deferoxamine-loaded shell layer. They showed that the uti-
lization of a dual-drug programmed releasing membrane effectively 
enhanced the regeneration of critical-size calvarial bone by sequentially 
stimulating both osteogenesis and angiogenesis [7]. However, the 
treatment of femoral bone defects using electrospun nanofibers confined 
within two-dimensional membranes presents a significant challenge due 
to the absence of mechanical support and the inherently dense fibrous 
structure, which restricts the infiltration of cells and deposition of matrix 
within the nanofibrous structure [8]. 

In order to transform conventional 2D electrospun membranes into 
macroscopic three-dimensional (3D) structures, several approaches 
have been devised, including liquid and template-assisted electro-
spinning, as well as the utilization of a specially designed collector [9, 
10]. Si et al. have documented a technique for fabricating an ultralight 
3D nanofibrous aerogel by combining electrospinning and freeze drying 
methodologies. This involves converting an electrospun nanofiber 
membrane into smaller fragments or individual nanofibers, dispersing 
them in freeze-dried liquid, and subsequently cross-linking them to 
produce stable nanofibrous sponges using freeze drying molding [11]. 
The 3D short nanofiber sponges have been shown high porosity, water 
absorption, and compression resilience, and demonstrated superiority 
over 2D nanofiber membranes in reparing diabetic full-thickness skin 
defects [12], therefore attracting growing interests for tissue engineer-
ing applications. However, the 3D nanofiber sponge-like scaffold alone 
is insufficient to induce bone regeneration and new blood vessel for-
mation due to the complex environment of the bone defect site, so 
bioactive and osteoinductive factors are necessary to enhance the repair 
effect of these short nanofiber sponges. 

Melatonin, a neurohormone predominantly secreted by the pineal 
gland, has been implicated in a range of physiological processes, 
encompassing circadian rhythms, immune responses, inflammation, and 
oxidative stress [13,14]. Notably, melatonin assumes a crucial function 
in maintaining the equilibrium of bone metabolism [15], as it not only 
facilitates osteoblast-driven bone formation but also inhibits 
osteoclast-mediated bone resorption [16]. Chen et al. conducted a study 
that revealed the ability of melatonin administration to effectively 

restore the impaired osteogenic differentiation of bone marrow-derived 
mesenchymal stem cells (BMMSCs) in osteoporosis and to preserve bone 
mass and micro-architecture in ovariectomized rats, indicating its po-
tential as a treatment for bone diseases [17]. Previous research has also 
explored the integration of melatonin with electrospun polymer mate-
rials, specifically by loading melatonin into polycaprolactone (PCL) 
nanofibers and incorporating them with sodium alginate hydrogels. This 
biomimetic composite scaffold was shown to facilitate tendon injury 
repair by activating the antioxidant stress pathway [18]. Our laboratory 
previously developed a straightforward cryopreservation technique, 
which effectively incorporated melatonin into a silk fibroin (SF)/gelatin 
methacrylate (GelMA) scaffold. The sustained release of melatonin from 
the scaffold significantly facilitated the repair process of a full-thickness 
articular cartilage defect [19]. However, the regenerative potential of 
melatonin-loaded electrospun nanofibers, particularly when utilized in 
the form of 3D sponge-like scaffolds, remains unexplored. 

It is worth noting that the advantageous impact of melatonin on bone 
formation is closely associated with the enhancement of mitochondrial 
function in osteoblasts, potentially achieved through the augmentation 
of mitochondrial respiratory complex I and IV activity [20]. During the 
process of osteogenic differentiation in human mesenchymal stem cells 
(MSCs), there has been an observed upregulation of mitochondrial 
biogenesis and bioenergetic function. This is evidenced by the notable 
increase in intracellular adenosine triphosphate (ATP) content, oxygen 
consumption rate, copy number of mitochondrial DNA, and respiratory 
enzyme subunits. These findings suggest a transition in energy produc-
tion from glycolysis to oxidative phosphorylation in MSC-differentiated 
osteoblasts [21]. Wan et al. fabricated a collagen membrane that was 
cross-linked with high molecular weight polyacrylic acid (HPAA) to 
enhance the osteogenesis of MSCs. They discovered that the composite 
collagen membrane facilitated mitochondrial biogenesis in response to 
the heightened energy requirements for osteogenic differentiation [22]. 
Consequently, it is imperative to investigate the underlying mechanism 
involving mitochondrial energy metabolism in the context of 
melatonin-loaded nanofiber sponge for bone defect repair. 

While the osteogenic effects of melatonin have been extensively 
studied, there remains a paucity of research on its effects into angio-
genesis. Neovascularization networks play a crucial role in bone 
regeneration during the repair process. Following the implantation of 
biomaterials into bone defects, the initiation of early neovascularization 
provides nutrients and oxygen, facilitating the transportation of meta-
bolic substances necessary for bone tissue regeneration [23]. Piedad 
et al. observed that the incorporation of melatonin into bone grafts could 
enhance the expression of vascular endothelial growth factor (VEGFA) 
[24], while Yildirimturk et al. reported analogous results in their study 
on the treatment of tibial bone defects in diabetic rats using melatonin 
[25]. Furthermore, research has demonstrated that melatonin enhances 
blood circulation in murine models of posterior limb ischemia by facil-
itating mesenchymal stem cell-mediated angiogenesis [26]. These 
studies collectively imply that melatonin may enhance tissue ischemia 
and stimulate angiogenesis, ultimately expediting bone regeneration. 

This study aimed to develop a 3D scaffold composed of gelatin and 
poly-lactic-acid (PLA) electrospun nanofibers, loaded with melatonin, 
with the intention of enhancing bone healing. The hypothesis was that 
the melatonin-loaded nanofiber scaffold, possessing interconnected 
porous structure and desirable mechanical properties, would promote 
regenerative capabilities. To assess the osteogenic and angiogenic per-
formance, in vitro experiments were conducted to evaluate cell viability, 
migration, matrix mineralization, and mitochondrial function. The 
effectiveness of the melatonin-loaded nanofiber scaffold in bone 
regeneration was investigated in a rat femoral bone defect model 
(Fig. 1). 
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2. Materials and methods 

2.1. Fabrication of nanofiber sponge-like scaffolds 

Initially, a solution comprising 4 g of gelatin and 1 g of oly-lactic-acid 
(PLA, 38534, Sigma-Aldrich, St. Louis, MO, USA) dissolved in 50 mL of 
1,1,1,3,3,3-hexaffuoro-2-propanol (HFIP, 105228, Sigma-Aldrich) with 
a concentration of 10% w/v was prepared. The electrospinning process 
was conducted employing a voltage of 15 kV, a flow rate of 3 mL/h, and 
a collection distance of 15 cm. Specifically, the electrospun nanofiber 
was subjected to thorough drying in a dry and moderate environment to 
decrease its toughness, followed by crushing and cutting into pieces 
using a grinder. Subsequently, nanofiber membrane fragments were 
dispersed in tert-butanol (PHR2184, Sigma-Aldrich). Subsequently, the 
mixture underwent freeze-drying for 48 h, leading to the formation of 
uncross-linked scaffolds. To enhance the structural stability, the scaf-
folds were subsequently cross-linked in an oven maintained at a tem-
perature of 150◦C for 2 h. 

In order to incorporate melatonin into EF-Scaffolds, a solution of 10 
mL HFIP was utilized, containing 5 mg and 50 mg of melatonin (M5250, 
Sigma-Aldrich). The electrospinning technique was employed to fabri-
cate nanofibers with varying dosages of melatonin. Consequently, 
Scaffold@LMT (representing 0.5% melatonin) and Scaffold@HMT 
(representing 5% melatonin) were successfully generated following the 
aforementioned procedures. 

2.2. Characterization of EF-Scaffolds 

The morphology of the EF membranes and EF-Scaffolds was exam-
ined through the utilization of a scanning electron microscope (SEM, S- 
4800, Hitachi, Kotyo, Japan). The average nanofiber diameter of both 
the EF membranes and EF-Scaffolds was determined by employing the 
Image J software (National Institutes of Health, Bethesda, MD, USA). 
Physicochemical characterization was carried out by means of Fourier- 

transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Scienti-
fic, USA), with measurements conducted within a wave number range of 
500 to 4,000 cm− 1. The mechanical properties of the scaffolds were 
assessed using an Instron 5865 material testing machine (Instron, Nor-
wood, MA, USA). Compression strain-stress curves of the scaffolds were 
obtained at a strain rate of 10 mm/min. 

An experiment was conducted to evaluate the swelling characteris-
tics of scaffolds through a water absorption test. Initially, the weight of 
the dry scaffolds was determined and recorded as W0. Subsequently, the 
scaffolds were immersed in deionized water and their weights were 
measured and documented (Wt) at intervals of 15, 30, 45, 60, and 120 
min. The water absorption (WA) was then calculated as (Wt-W0)/W0 ×
100%. 

2.3. Release profile of melatonin from Scaffold@LMT and 
Scaffold@HMT 

To assess the release of melatonin, Scaffold@LMT and Scaf-
fold@HMT were incubated in 1 mL of phosphate buffered saline (PBS, 
HyClone, Logan, UT, USA) at 37◦C. At specific time points (1, 3, 5, 7, 9, 
11, 13, 17, 21, and 25 d), the supernatant was collected and the cu-
mulative release profiles of melatonin were determined using a spec-
trophotometer at an absorbance of 280 nm (Shimadzu Co., LTD, 
Shanghai, China), following the standard curve of melatonin. 

2.4. Isolation and cell culture of BMMSCs 

BMMSCs were obtained from the bone marrow of eight-week-old 
Sprague-Dawley (SD) rats. Following euthanasia, the femurs and tibias 
of the rats were collected and the bone marrow was flushed out three 
times with alpha minimum essential medium (α-MEM, Thermo Fisher 
Scientific, Waltham, MA, USA). The extracted cells were then cultured in 
α-MEM supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 
Scientific), 100 U/mL penicillin, and 100 μg/mL streptomycin at a 

Fig. 1. Schematic diagram of the melatonin-loaded nanofiber scaffolds (Scaffold@MT) promoting vascularized bone regeneration.  
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temperature of 37◦C with 5% CO2. The culture medium was refreshed 
every three days. Upon reaching 90% confluence, the cells were de-
tached using 0.25% trypsin-EDTA (Thermo Fisher Scientific). Cells at 
passage two (P2) were utilized for subsequent experiments. 

2.5. Live/dead cell staining assay 

Cell viability was determined using a live/dead cell staining kit 
(C2015 M, Beyotime, Haimen, China). BMMSCs were seeded in 24-well 
plates at a density of 1 × 105 cells per well and treated with the leachate 
of different scaffolds, while treatment with PBS served as the control 
(CTRL) group. At the time points of 1, 3, and 5 d, the cells were stained 
with a live/dead cell staining kit for 30min at 37 ◦C. The stained cells 
were observed and captured using an automated fluorescence micro-
scope (Zeiss, Oberkochen, Germany). 

2.6. Cell proliferation assay 

Cell proliferation was measured with the Cell Counting Kit 8 Kit 
(CCK-8, C0038, Beyotime). A total of 1 × 103 BMMSCs were seeded in a 
96-well plate and incubated with the leachate of different scaffolds. At 
predetermined intervals (1, 3, 5, and 7 d), the cells were incubated in 
CCK-8 solution in the dark for 1 h at 37◦C. The absorbance at 450 nm 
was measured by a PowerWave XS spectrophotometer (BioTek, 
Winooski, VT, USA). 

2.7. Scratch wound assay 

When the cell confluence reached 95%, scratch wound assays were 
conducted by creating a straight and gentle scraping using a sterile 
pipette tip. After washing, the cells were incubated in α-MEM containing 
0.1% FBS medium and the leachate of different scaffolds. The wound 
images were captured at different time intervals (12 and 24 h) using an 
optical microscope (Zeiss). 

2.8. Osteogenic differentiation 

To induce osteogenic differentiation, BMMSCs were incubated in 
osteogenic differentiation medium containing the leachate of different 
scaffolds. The osteogenic medium consisted of Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% FBS, 10 mM β-glycerol 
phosphate, 100 nM dexamethasone, and 50 μg/mL L-ascorbic acid 
(Sigma-Aldrich). The medium was refreshed every three days. 

2.9. Measurement of alkaline phosphatase (ALP) activity 

After a 7-day osteogenic induction, the differentiated BMMSCs were 
fixed with 4% paraformaldehyde (Sigma-Aldrich) for 30 min and incu-
bated in the ALP staining solution (MAK530, Sigma-Aldrich) for 30min. 
The stained cells were observed using an optical microscope (Zeiss). To 
quantify the ALP activity, a commercially available ALP assay kit 
(Sigma-Aldrich) was used according to the manufacturer’s protocol. The 
absorbance was measured at 520 nm using a spectrophotometer (Bio-
Tek). The protein concentration was determined using a bicinchoninic 
(BCA) acid protein assay kit (P0012, Beyotime), and the ALP activity 
was normalized to the total protein content. 

2.10. Measurement of matrix mineralization 

Following a 21-day duration of osteogenic differentiation, the 
differentiated BMMSCs were fixed using a 4% paraformaldehyde solu-
tion. After rinsing with deionized water, the cells were incubated in a 2% 
Alizarin red s (ARS) staining solution (C0148S, Beyotime) at room 
temperature for 20 min. The stained cell layers were captured by an 
optical microscope (Zeiss). In order to perform quantitative analysis, a 
5% perchloric acid solution (Sigma-Aldrich) was introduced to dissolve 

the calcium nodule, and the absorbance was measured at a wavelength 
of 420 nm using a spectrophotometer (BioTek). 

2.11. Measurement of intracellular ATP production 

BMMSCs were subjected to lysis using ATP lysis buffer (Beyotime) 
and the cell suspensions were subjected to centrifugation at 12,000 g for 
5 min at 4◦C. The supernatant was incubated with ATP detection 
working solution (S0026, Beyotime) according to the manufacture’s 
instructions. Luminescence analysis was performed using a Centro LB 
960 (Berthold Technologies, Germany). The relative ATP production 
was normalized by measuring the protein content of each sample using a 
BCA protein assay kit (Beyotime). 

2.12. Measurement of mitochondrial membrane potential (MMP) 

The change of MMP was measured using a Mitochondrial Membrane 
Potential Assay Kit with JC-1 (C2006, Beyotime). The cells were sub-
jected to incubation with a 0.5 μM JC-1 working solution in the absence 
of light at 37◦C for 30 min. The fluorescence images were captured with 
a microscope (Zeiss) and analyzed using the Image J software. 

2.13. Immunofluorescence staining 

BMMSCs were fixed with 4% paraformaldehyde and permeabilized 
using 0.1% Triton X-100 (Beyotime) in PBS containing 5% bovine Serum 
albumin (BSA). After overnight incubation with the primary antibody 
against Type I collagen A1 (COL1A1, 1:500, ABclonal, Wuhan, China) 
and Osteocalcin (OCN, 1:500, ABclonal) at 4◦C, the cells were incubated 
with a fluorescein isothiocyanate-conjugated secondary antibody 
(1:500, ABclonal) at room temperature for 1 h. The nuclei were coun-
terstained with 4′,6-diamidino-2-phe-nylindole (DAPI, Thermo Fisher 
Scientific). Fluorescence images were captured using a Zeiss Axiovert 
40CFL microscope. 

2.14. Angiogenic effect of the nanofiber scaffolds 

BMMSCs were treated with the leachate of different scaffolds, and 
the resulting conditioned medium was collected after 7 d of osteogenic 
induction. Human umbilical vein endothelial cells (HUVECs, Procell Life 
Science & Technology Company, Wuhan, China) were seeded on 
Matrigel (BD Biosciences, San Jose, CA, USA) following the manufac-
turer’s instructions and incubated in the conditioned medium for 8 h. 
The formation of endothelial tubes was observed using an optical mi-
croscope, and the length of the tubes was quantified using Image J 
software. 

2.15. Western blot 

Total protein was extracted using radioimmunoprecipitation assay 
(RIPA) buffer containing protease inhibitors (Beyotime). The protein 
concentration was determined via the employment of a BCA Protein 
Assay Kit (Beyotime). Equal quantities of protein samples were sepa-
rated using 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subsequently transferred to nitrocellulose 
membranes (Beyotime). After blocking, the membranes were incubated 
with primary antibodies overnight at 4◦C. The following day, the 
membranes were incubated with horseradish peroxidase (HRP) labeled 
secondary antibodies (1:10,000, Beyotime) for 1 h at room temperature. 
The resulting bands were visualized using SuperSignal West Pico Sub-
strate (Thermo Fisher Scientific) and the ChemiDoc Touch Imaging 
System (Bio-Rad). The intensity of the bands was analyzed using Image J 
software. Details of the primary antibodies used in this study are pro-
vided in Supplementary Table 1. 

N. Lv et al.                                                                                                                                                                                                                                       



Materials Today Bio 26 (2024) 101078

5

2.16. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) 

Total RNA was extracted using TRIzol® reagent (Thermo Fisher 
Scientific), and the concentration was quantified using a NanoDrop 
2000 (Thermo Fisher Scientific). The extracted RNA was reverse- 
transcribed into complementary DNA (cDNA) using a RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR 
was carried out using an iTapTM Universal SYBR® Green Supermix kit 
(Bio-Rad, Hercules, CA, USA) in a CFX96TM Real-Time PCR System 
(Bio-Rad). The transcript levels of the target genes were determined 
using the comparative Ct (2− ΔΔCt) method, with Gapdh (glyceraldehyde- 
3-phosphate dehydrogenase) as an internal standard. The primer se-
quences for the target genes are presented in Supplementary Table 2. 

2.17. Establishment of a femur bone defect model 

A total of 24 SD rats (aged 8 weeks and weighing 300–330 g) were 
purchased from the Animal Center of Soochow University. Animal ex-
periments were performed in accordance with protocols approved by 
the Ethics Committee of Soochow University (No. SUDA20230402A05). 
The rats were maintained under standard aseptic conditions, encom-
passing consistent levels of humidity (50–60%), temperature (22–24◦C), 
and a light-dark cycle from 6 a.m. to 6 p.m. Following a period of 
acclimatization lasting 1 week, the rats were anesthetized using intra-
peritoneal injection of 3% sodium pentobarbital (Shanghai Merck Co., 
Ltd., Shanghai, China) at a dosage of 1.5 mL/kg body weight. After 
creating a 2-cm incision on the left femur and exposing the lateral 
femoral condyle, a transcortical bone defect of 3 mm in diameter and 2 
mm in depth was induced using an electric drill. The rats were assigned 
in a random manner to four groups: the Defect group left untreated, the 
Scaffold group, the Scaffold@LMT group, and the Scaffold@HMT group. 
Postoperatively, penicillin at a dosage of 6000 units was administered 
once daily for three consecutive days. 

2.18. Micro-computed tomography (Micro-CT) analysis 

After 4 and 8 weeks post-surgery, the rats were euthanized, and their 
femora were collected for micro-CT evaluation. The analysis employed a 
micro-CT scanning system (SkyScan 1176, Bruker Corporation, Billerica, 
MA, USA) by setting the following parameters: a width of 18 μm, a 
voltage of 65 kV, and a current of 385 μA. The software programs 
NRecon v1.6 and CTAn v1.13.8.1 (Bruker) were utilized for 3D recon-
struction. The region of interest (ROI) reconstruction area for the defect 
was a constant segment located at the distal femur. To assess the bone 
microstructure, bone mineral density (BMD, g/cm3), bone volume ratio 
(BV/TV, %), and trabecular number (Tb.N, 1/mm) were analyzed using 
CT Analyzer software (Bruker). 

2.19. Histological analysis 

The femur specimens underwent fixation in 4% paraformaldehyde 
and decalcification in 10% ethylene diamine tetraacetic acid (EDTA, 
Sigma-Aldrich). The specimens were embedded in paraffin (Leica, 
Wetzlar, Germany) and cut into 5 μm-thick sections. For hematoxylin 
and eosin (H&E) staining, the sections were stained with hematoxylin 
for 3 min, followed by eosin solution for 1min (all from Jiancheng, 
Nanjing, China). For Masson’s trichrome staining, the sections were 
stained with a solution containing hematoxylin and lichun red acid for 
5min each (Solaibao Technology Co., Ltd, Beijing, China). Digital im-
ages were captured using a bright field microscope (Zeiss). 

2.20. Immunohistochemical (IHC) staining 

The sections were subjected to deparaffinization using xylene, hy-
dration with graded ethanol, and treatment with 3% hydrogen peroxide 

(Sigma-Aldrich) to inhibit endogenous peroxidase. Then, the sections 
were incubated with 2 mg/mL of testicular hyaluronidase (Sigma- 
Aldrich) for 30 min at 37◦C and blocked using 1.5% goat serum. Sub-
sequently, the sections were incubated with specific primary antibodies 
overnight at 4◦C, including anti-COL1A1 (1:500), anti-VEGFA (1:500), 
and anti-CD31 (1:300, ABclonal). The following day, the sections were 
incubated with biotinylated goat anti-rabbit secondary antibodies for 30 
min. Signal amplification was achieved using the Vectastain Elite ABC 
kit. The staining process involved the use of a 3,3′-diaminobenzidine 
(DAB) solution (all from Vector Laboratories, Burlingame, CA, USA), 
and counterstaining of the nuclei was performed using hematoxylin. 
Images were captured using a bright field microscope and analyzed 
using the Image J software. 

2.21. Statistical analysis 

All data were expressed as mean ± standard error of means. Statis-
tical analyses were performed using GraphPad Prism 9.2 software 
(GraphPad Software Inc., San Diego, CA, USA). Multiple group com-
parisons were conducted using One-way Analysis of Variance (ANOVA) 
followed by Tukey’s post hoc test, while two-group comparisons were 
performed using Student’s t-test. P values < 0.05 (*) or < 0.01 (**) were 
considered as statistically significant. 

3. Results 

3.1. The fabrication and characterization of electrospun nanofiber-based 
scaffolds 

The fabrication process of nanofiber sponges can be categorized into 
four sequential steps: electrospinning, grinding homogenization, low 
temperature lyophilization, and high temperature crosslinking (Fig. 2A). 
Gelatin/PLA nanofibers were fabricate using an electrospinning appa-
ratus and subsequently fragmented into smaller pieces. These fragments 
were then immersed in tert-butanol to attain a homogeneous dispersion 
within the solution. The dispersions were subsequently subjected to 
freeze-drying and further enhanced through thermal crosslinking to 
construct sponge-like scaffolds. In order to assess the impact of nano-
fiber density on the structural and mechanical characteristics of the 
scaffolds, various fiber densities (1, 2, and 3%) were selected for the 
fabrication of the sponges. Analysis of the SEM results indicated that the 
nanofibers within the scaffolds exhibited a random arrangement 
(Fig. 2B). The average diameter of the nanofibers was measured at 990 
nm, with a range spanning from 500 to 1,300 nm (Fig. 2C); however, no 
statistically significant differences were observed among the various 
scaffolds. Furthermore, it was observed that an increase in fragment 
concentration led to a progressive reduction in the size of the fiber pores 
within the scaffold. The unbound acidic groups and alkaline residues 
present in gelatin can be consolidated through the formation of inter-
molecular crosslinks and amide bonds during thermal cross-linking. 

Analysis using FTIR demonstrated a notable increase in the absorp-
tion intensity peak (1,643 cm− 1) associated with the C–N stretching 
vibration band in the spectra of nanofiber scaffolds (Fig. 2D). Further-
more, our findings indicate a significant enhancement in the water ab-
sorption capacity of nanofiber scaffolds compared to the EF group 
(Fig. 2E). This observed increase in water absorption can be primarily 
attributed to the heightened porosity of the scaffolds, particularly the 
reduced density of fractured fibers. The compressive strength of scaf-
folds composed of varying concentrations of EF is presented in Fig. 2F. 
As the concentration of fragments increased, the compression modulus 
of the scaffolds exhibited a gradual increase. Notably, the Young’s 
modulus of the 3% EF Scaffold group (0.294 kPa) was significantly 
higher compared to the 1 % EF Scaffold (0.103 kPa) and 2% EF Scaffold 
(0.190 kPa) groups. Taking into account the favorable water absorption, 
porosity, and mechanical properties observed in the 2% EF Scaffold, it 
was chosen as the suitable candidate for melatonin loading. Fig. 2G 
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Fig. 2. Morphology and characterization of electrospun fiber scaffolds (EF-Scaffold). (A) The preparation process of EF Scaffolds included electrospinning, grinding 
homogenization, low temperature lyophilization, and high temperature crosslinking. (B) Representative SEM images of EF membranes and EF Scaffolds. (C) Fiber 
diameter distributions of EF membranes and EF Scaffolds. (D) FTIR spectra of EF membranes and Scaffold (2 % EF). (E) Water absorption of EF membranes and EF 
Scaffolds. (F) Compressive mechanical properties of Scaffolds that contained 1 %, 2 %, or 3 % electrospun nanofibers. (G) Release profile of melatonin from EF 
membranes and Scaffold (2 % EF). 
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demonstrated the in vitro release of melatonin from the EF membranes 
and 2 % EF Scaffold. The release profile analysis of the 2% EF Scaffold 
reveals an initial rapid release of melatonin within the first 3 days 
(32.7%), followed by a slower release until day 21 (79.7%). 

3.2. Biocompatibility of melatonin-loaded nanofiber scaffolds 

To investigate the impact of nanofiber scaffolds loaded with mela-
tonin on cell viability and proliferation, BMMSCs were exposed to 

Scaffold, Scaffold@LMT, and Scaffold@HMT-extracted leachate. Live/ 
dead cell staining reveals a significant number of viable cells with 
minimal presence of deceased cells, suggesting that the nanofiber scaf-
folds exhibited favorable biocompatibility (Fig. 3A-B). The CCK-8 assays 
demonstrated that the cell proliferation of BMMSCs was significantly 
enhanced by Scaffold@HMT, with a 14.2% and 5.5% increase compared 
to the Scaffold and Scaffold@LMT groups, respectively, on day 5 
(Fig. 3C). Furthermore, the scratch assay revealed that the Scaf-
fold@LMT and Scaffold@HMT groups exhibited significantly larger 

Fig. 3. Biocompatibility of melatonin-loaded nanofiber scaffolds. Bone marrow mesenchymal stem cells (BMMSCs) were exposed to Scaffold, Scaffold@LMT, or 
Scaffold@HMT-extracted leachate, while cells treated with phosphate-buffered saline (PBS) served as the control (CTRL) group. (A-B) Cell viability was compared by 
a live/death staining assay, n = 3. Scale bar: 1 mm. (C) Cell proliferation was examined on Days 1, 3, and 5 using CCK-8 assay, n = 5. (D-E) Cell migration capacity of 
BMMSCs was determined by a scratch assay. n = 3. Data are presented as means ± SEM. Statistically significant differences were indicated by * P < 0.05. 
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healing areas at 12 and 24 h compared to the Scaffold group (Fig. 3D). 
Specifically, Scaffold@HMT significantly enhanced the migration ca-
pacity of BMMSCs by 73.5% (12 h) and 29.6% (24 h) compared to the 
Scaffold group (Fig. 3E). 

3.3. Melatonin-loaded nanofiber scaffolds promoted the osteogenic 
differentiation of BMMSCs 

The subsequent assessment involved evaluating the impact of 
melatonin-loaded nanofiber scaffolds on the osteogenic potential of 
BMMSCs. As an early marker of differentiation, the Scaffold@HMT 
group exhibited a more pronounced staining of ALP, indicating a higher 
proportion of differentiated BMMSCs (Fig. 4A). Quantitative analysis 
revealed that the ALP activity in the Scaffold@HMT group was signifi-
cantly greater than that in the Scaffold and Scaffold@LMT groups, with 
increases of 2.1-fold and 53.2%, respectively (Fig. 4B). Calcium nodules 
are an indicator of late osteogenic differentiation. Following a 21-day 
period of osteogenic induction, a substantial number of calcium nod-
ules, positively stained with Alizarin Red S, were observed in the Scaf-
fold@LMT and Scaffold@HMT groups (Fig. 4C). The findings from the 
quantitative analysis demonstrated that the matrix mineralization in the 
Scaffold@HMT group was 3.2- and 1.2-fold greater than that of the 
Scaffold and Scaffold@LMT groups, respectively (Fig. 4D). 

Furthermore, the expression levels of osteogenic markers, namely 
Col1a1, Runx2, and Sp7, were significantly up-regulated in BMMSCs 
cultured in both the Scaffold@LMT and Scaffold@HMT groups (Fig. 4E). 
Specifically, the mRNA expression of Col1a1 in the Scaffold@LMT and 
Scaffold@HMT groups exhibited a significant increase of 82.2% and 1.4- 
fold, respectively, compared to the Scaffold group. The mRNA expres-
sion of Runx2 and Sp7 in the Scaffold@HMT group was significantly 
higher by 1.8-fold and 85.6 %, respectively, in comparison to the Scaf-
fold group. The RT-qPCR results were further validated through Western 
blot analysis, which revealed a corresponding increase in protein levels 
of osteogenic markers in both the Scaffold@LMT and Scaffold@HMT 
groups (Fig. 4F). Notably, the Scaffold@HMT group exhibited the 
highest levels of COL1A1, RUNX2, and SP7 among all groups, with a 
significant increase of 1.0-fold, 88.9%, and 63.6%, respectively, 
compared to the Scaffold group (Fig. 4G). Immunofluorescence staining 
further confirmed the strong positive staining for COL1A1 in the Scaf-
fold@LMT and Scaffold@HMT groups (Fig. 4H&I). Moreover, the 
nanofiber scaffold containing melatonin notably enhanced the expres-
sion of OCN (Supplementary Fig. 1A), while the Scaffold@HMT group 
demonstrated the highest OCN fluorescence intensity compared to all 
other groups (Supplementary Fig. 1B). These findings provide evidence 
that the Scaffold@HMT effectively enhances the osteogenic differenti-
ation of BMMSCs, as indicated by higher levels of matrix mineralization 
and osteogenic-specific marker expression. 

3.4. Melatonin-loaded nanofiber scaffolds improved the mitochondrial 
energy metabolism of BMMSCs 

Given the importance of mitochondrial function in bone repair 
through its role in providing energy for matrix synthesis and calcium 
deposition, our study aimed to investigate the impact of melatonin- 
loaded nanofiber scaffolds on the mitochondrial energy metabolism of 
BMMSCs. To assess the depolarization of mitochondria in BMMSCs, we 
utilized JC-1 staining (Fig. 5A). The levels of MMP in the groups treated 
with Scaffold@LMT and Scaffold@HMT were found to be significantly 
higher, with a 1.3-fold and 2.0-fold increase, respectively, compared to 
the Scaffold group (Fig. 5B). Furthermore, treatment with Scaf-
fold@LMT and Scaffold@HMT resulted in a significant increase in ATP 
production, with a respective increase of 29.1% and 59.9% compared to 
the Scaffold group (Fig. 5C). Moreover, the administration of melatonin- 
loaded nanofiber scaffolds resulted in a significant up-regulation of 
transcript levels associated with mitochondrial respiratory chain factors. 
Specifically, the expression of the Atp5a gene was increased by 87.2% in 

BMMSCs in the Scaffold@HMT group compared to the Scaffold group. 
Similarly, the expression of Nd4 was increased by 1.0-fold and Sdha by 
1.4-fold in the Scaffold@HMT group compared to the Scaffold group 
(Fig. 5D). Western blot analyses further confirmed the effectiveness of 
the Scaffold@LMT and Scaffold@HMT groups in improving the protein 
levels of ATP5A, ND4, and SDHA (Fig. 5E). Notably, the protein 
expression of ATP5A was increased by 90.5%, ND4 by 1.2-fold, and 
SDHA by 80.4% in the Scaffold@HMT group compared to the Scaffold 
group (Fig. 5F). The Scaffold@HMT group significantly enhanced the 
expression of COX4 and UQCRC1 proteins, with levels 0.6- and 2.7-fold 
higher than those observed in the Scaffold group, respectively (Sup-
plementary Fig. 2). These data demonstrated that the utilization of 
melatonin-loaded nanofiber scaffolds resulted in enhanced energy pro-
duction and improved mitochondrial function of BMMSCs. 

3.5. Melatonin-loaded nanofiber scaffolds regulated the angiogenesis 

To further investigate the potential impact of melatonin-loaded 
nanofiber scaffolds on angiogenesis, HUVECs were exposed to the 
conditioned medium derived from differentiated BMMSCs cultured in 
different scaffold groups. The scratch wound assay revealed a significant 
increase in the migration capacity of HUVECs in the Scaffold@LMT and 
Scaffold@HMT groups (Fig. 6A). Specifically, after 24 h of scratch, the 
healing area of the Scaffold@LMT and Scaffold@HMT groups was found 
to be 14.0% and 29.2% higher, respectively, compared to the Scaffold 
group (Fig. 6B). Moreover, a tube formation assay was conducted to 
assess the impact of scaffolds on angiogenic capacity. The results indi-
cated a significantly higher number of endothelial tubes in the Scaf-
fold@HMT groups compared to the other three groups (Fig. 6C). 
Quantitative analysis demonstrated that the tube length in the Scaf-
fold@HMT group was 1.3-fold, 1.4-fold, and 54.2%, respectively, 
greater than the PBS, Scaffold, and Scaffold@LMT groups (Fig. 6D). 
Additionally, immunofluorescence staining revealed a significant 
elevation in CD31 expression in the Scaffold@HMT group compared to 
the PBS, Scaffold, and Scaffold@LMT groups, with respective increases 
of 3.2-fold, 3.1-fold, and 84.5% (Fig. 6E&F). The results obtained from 
RT-qPCR and Western blot assays confirmed that the group treated with 
Scaffold@HMT exhibited the highest level of VEGFA expression at both 
mRNA and protein levels. Specifically, the treatment with Scaf-
fold@HMT resulted in a 1.1-fold up-regulation of Vegfa gene expression 
(Fig. 6G) and a 92.4% increase in VEGFA protein levels (Fig. 6H&I) 
compared to the group treated with PBS. Immunofluorescence staining 
for VEGFA also showed a similar trend, with Scaffold@HMT treatment 
significantly enhancing VEGFA expression (Fig. 6J&K). These findings 
suggest that the use of melatonin-loaded nanofiber scaffolds effectively 
enhances the expression of VEGFA in HUVECs, thereby promoting the 
formation of endothelial tubes. 

3.6. Melatonin-loaded nanofiber scaffolds promoted vascularized bone 
regeneration 

To assess the therapeutic efficacy of the melatonin-loaded nanofiber 
scaffolds, critical-sized femur bone defects were induced in SD rat fe-
murs, followed by the implantation of scaffolds into the defects. Micro- 
CT scans were conducted at 4 and 8 weeks post-surgery to assess bone 
repair. The 3D reconstruction images revealed that, in comparison to the 
inadequate healing observed in the Defect group, the implantation of 
Scaffold@LMT and Scaffold@HMT effectively repaired the femur bone 
defects, as evidenced by the presence of new bone formation along the 
defect edges (Fig. 7A). Quantitative analysis demonstrated that the im-
plantation of Scaffold@HMT resulted in the attainment of optimal effi-
ciency in the development of new bone microarchitecture. Specifically, 
the implantation of Scaffold@HMT yielded a significant increase in BMD 
(Fig. 7D), with values 21.3 % higher at 4 weeks post-surgery and 27.9% 
higher at 8 weeks post-surgery compared to the Defect group. Further-
more, at 8 weeks post-surgery, the Scaffold@HMT group exhibited Tb.N 
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(Fig. 7C) and BV/TV (Fig. 7B) values that were 59.9% and 58.8% higher, 
respectively, than those observed in the Defect group. 

In order to further investigate the formation of new bone in the areas 
affected by defects, histological analysis of femur samples was con-
ducted. The results of H&E staining showed that, at 4 and 8 weeks post- 
surgery, only connective tissue was observed in the Defect and Scaffold 

groups. In contrast, the implantation of Scaffold@LMT and Scaf-
fold@HMT resulted in a significant regeneration of bone tissues, as 
evidenced by the presence of calcium nodule deposition at the site of the 
defect (Fig. 8A). Furthermore, Masson’s trichrome staining demon-
strated a considerable amount of positive collagen staining in the Scaf-
fold@HMT group at 4 and 8 weeks post-surgery, indicating that 

Fig. 4. Effect of melatonin-loaded nanofiber scaffolds on the osteogenic differentiation of BMMSCs. Bone marrow mesenchymal stem cells (BMMSCs) were induced 
toward the osteogenic differentiation and treated with Scaffold, Scaffold@LMT, or Scaffold@HMT-extracted leachate. Cells treated with phosphate-buffered saline 
(PBS) served as the control (CTRL) group. (A) ALP staining was performed after 7 days of induction. Scale bar = 200 μm. (B) Quantitative analysis of ALP activity, n 
= 4. (C) Alizarin Red S (ARS) staining was performed after 21 days of induction. Scale bar = 200 μm. (D) Quantification of the stained mineral layers indicated matrix 
mineralization, n = 4. (E) The gene expression of osteogenic makers, including Col1a1, Runx2, and Sp7, was determined by RT-PCR, n = 4. (F-G) The protein levels of 
COL1A1, RUNX2, and SP7 were examined by Western blot. n = 3. (H) Immunofluorescence staining of COL1A1 in differentiated BMMSCs. Scale bar = 50 μm. (I) 
Quantitative analysis of fluorescence intensity of COL1A1, n = 3. Data are presented as means ± SEM. Statistically significant differences were indicated by * P 
< 0.05. 

Fig. 5. Melatonin-loaded nanofiber scaffolds improved the mitochondrial energy metabolism of BMMSCs. (A) Immunofluorescence staining of JC-1 indicated 
mitochondrial membrane potential (MMP) levels. Scale bar = 50 μm. (B) Quantitative analysis of JC-1 fluorescence intensity, n = 3. (C) The effect of melatonin- 
loaded nanofiber scaffolds on ATP production, n = 3. (D) The gene expressions of mitochondrial respiratory chain factors (Atp5a, Nd4, and Sdha) were quanti-
fied with RT-qPCR, n = 4. (E-F) The protein levels of ATP5A, ND4, and SDHA were determined using Western blot, n = 3. Data are presented as means ± SEM. 
Statistically significant differences were indicated by * P < 0.05. 
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Scaffold@HMT facilitated the formation of bone matrix and thus expe-
dited the process of bone healing (Fig. 8B). 

Immunohistochemical staining revealed a strong positive staining 
for COL1A1 in the Scaffold@HMT group, which was consistent with the 
results obtained from H&E staining, thus suggesting the synthesis of new 
bone matrix at the site of the defect (Fig. 9A). Quantitative analysis 
further demonstrated that the expression level of COL1A1 in the Scaf-
fold@HMT group was 1.2-fold higher at 4 weeks post-surgery and 1.4- 
fold higher at 8 weeks post-surgery compared to the Defect group 
(Fig. 9B). In order to investigate the impact of Scaffold@HMT on 
angiogenesis, immunohistochemical staining was performed to assess 
the presence of VEGFA (Fig. 9C) and CD31 (Fig. 9E). Following the 
implantation of Scaffold@HMT, the quantity of VEGFA-positive cells 
exhibited a 1.9-fold increase at 4 weeks post-surgery and a 1.2-fold in-
crease at 8 weeks post-surgery, surpassing the count observed in the 
Defect group (Fig. 9D). Additionally, the proportion of CD31-positive 
cells experienced a 1.4-fold increase at 4 weeks post-surgery and a 
1.0-fold increase at 8 weeks post-surgery, in comparison to the Defect 
group (Fig. 9F). These findings serve to demonstrate the efficacy of 
Scaffold@HMT in augmenting bone regeneration and facilitating neo-
vascularization, thereby promoting the mending of bone defects. 

4. Discussion 

In the field of bone tissue engineering, electrospinning has emerged 
as a subject of significant interest due to its ability to create a structure 
that mimics the ECM while also offering a high surface-to-volume ratio. 
Electrospun nanofibers have been shown to influence cell proliferation 
and osteogenic differentiation of BMMSCs due to their large specific 
surface area and high porosity [27,28]. In addition, electrospun nano-
fibers have demonstrated the potential for localized and controllable 
drug delivery, thanks to their user-friendly nature and adaptability. 
Given their distinctive membrane-like structure and appropriate physi-
cochemical properties, electrospun fibers are predominantly employed 
as dressings for wound healing purposes. Nezamoleslami et al. Designed 
a sandwich-structured multilayered mat and demonstrated that the 
release of ceftazidime from the internal gelatin layer could be 
controlled, resulting in a significant antibacterial effect while having 
minimal impact on fibroblast cell viability [29]. In a similar vein, Mao 
et al. developed a multilayer electrospun nanofibrous membrane to 
facilitate bone regeneration. Their findings revealed that the sequential 
release of MT01 (a single-stranded cytosine–phosphate–guanosine oli-
godeoxynucleotide) from the inner layer and stromal cell-derived factor 
1α (SDF-1α) from the outer layer effectively stimulated the recruitment 
of stem cells during the early phase and promoted osteogenic differen-
tiation during the late phase, thereby promoting bone regeneration in a 
rat calvarial bone defect model [30]. Nevertheless, the utilization of 
electrospun nanofibers in tissue engineering is hindered by their rela-
tively low porosity and weak mechanical strength. In order to address 
this limitation, the technique of freeze-drying dispersions of short 
electrospun fibers has been devised as a straightforward approach to 
fabricate ultraporous sponges possessing remarkable reversible 
compressibility, which is contingent upon the concentration of the fiber 
dispersion [31]. In an effort to identify the most suitable bio-elastomers 
for hemostatic dressings, Guo et al. successfully fabricated a 
three-dimensional loose sponge composed of interconnected poly-
urethane nanofibers and gelatin hydrogel. They demonstrated that the 

composite sponge’s notable water absorption ratio facilitated prompt 
hemostasis in a rat liver injury model [32]. Within this investigation, a 
three-dimensional sponge-like scaffold loaded with melatonin was 
created through electrospinning, freeze-drying, and high temperature 
cross-linking techniques. To the best of our knowledge, this is the initial 
report on the successful implementation of this nanofiber sponge for the 
effective restoration of critical-sized femoral bone defects in rats. 

In the context of bone regeneration, both the proliferation of 
BMMSCs and the synthesis of bone matrix by osteoblasts necessitate a 
consistently and intensively active mitochondrial metabolism to fulfill 
their energy demands [33]. In an effort to address diabetic bone frac-
tures, Chen et al. devised an energy-regulating artificial periosteum by 
incorporating electrospun GelMA nanofibers and deferoxamine. This 
biomimetic electrospun membrane effectively enhanced the healing 
process of bone fractures by augmenting the mitochondrial respiration 
of BMMSCs [34]. In a recent study conducted in our laboratory, it was 
found that the utilization of selenium-modified calcium phosphate 
cement resulted in the restoration of mitochondrial function in BMMSCs. 
This was achieved by upregulating the antioxidant enzyme glutathione 
peroxidase 1 (GPX1), leading to effective repair of femoral bone defects 
in an ovariotomy-induced osteoporosis rat model [35]. Building upon 
these findings, the present study aimed to develop a nanofiber scaffold 
loaded with melatonin in order to enhance various cellular processes 
including proliferation, differentiation, matrix mineralization, and 
mitochondrial function of BMMSCs. It was observed that melatonin 
supplementation improved mitochondrial metabolism and mitigated 
oxidative stress within the mitochondria, potentially through the acti-
vation of the 5′ adenosine monophosphate-activated protein kinase 
(AMPK)/peroxisome proliferator-activated receptor-gamma coactivator 
1 alpha (PGC1α) pathway [36]. Jiang et al. have successfully fabricated 
a composite scaffold composed of polycaprolactone and graphene oxide, 
which is loaded with melatonin in multiple layers. This scaffold exhibits 
remarkable mechanical properties, including a high elastic modulus and 
structural integrity, and the controlled release of melatonin from the 
scaffold leads to an increase in ATP production, thereby promoting 
nerve regeneration. This is evidenced by the observed stimulation of 
myelination and axonal outgrowth, as well as a reduction in Schwann 
cell apoptosis [37]. Consequently, the melatonin-mediated enhance-
ment of mitochondrial function provides an ample energy supply for the 
formation of bone matrix and the deposition of calcium. 

The study found that after 7 days of osteogenic induction, the ALP 
activity in the Scaffold@LMT and Scaffold@HMT groups was notably 
higher compared to the PBS and Scaffold groups, suggesting that the 
melatonin-loaded nanofiber scaffold facilitated early osteogenic differ-
entiation of BMMSCs. Alizarin red staining was utilized as a conven-
tional technique to evaluate calcium nodules [38]. After 21 days of 
osteogenic induction, the Scaffold@HMT group exhibited the most 
intense staining of calcium nodules, suggesting its potential for matrix 
calcification. Immunofluorescence staining revealed that Scaf-
fold@HMT significantly enhanced the expression of OCN, potentially 
attributable to melatonin release from the nanofiber scaffolds. 
Furthermore, melatonin consistently facilitated the differentiation of 
MC3T3-E1 cells into osteoblasts by upregulating OCN expression levels 
[39]. 

Despite the extensive evidence demonstrating the positive effects of 
melatonin on osteogenesis, its impact on angiogenesis remains a topic of 
debate. Research has shown that melatonin significantly suppresses cell 

Fig. 6. Melatonin-loaded nanofiber scaffolds promoted the angiogenesis of endothelial cells. Human umbilical vein endothelial cells (HUVECs) were treated with the 
conditioned medium derived from differentiated BMMSCs on the different scaffold groups(A-F). Bone marrow mesenchymal stem cells (BMMSCs) were treated with 
Scaffold, Scaffold@LMT, or Scaffold@HMT-extracted leachate(G-K). (A) Cell scratch assay of HUVECs at 0, 12, and 24 h. Scale bar = 200 μm. (B) Quantitative 
analysis of cell scratch assay, n = 3. (C) Representative images of endothelial tube formation. Scale bar = 40 μm. (D) Quantitative analysis of endothelial tube length, 
n = 3. (E) Immunofluorescence staining of CD31 in HUVECs. Green: CD31, blue: DAPI. Scale bar = 50 μm. (F) Quantitative analysis of CD31 fluorescence intensity, n 
= 3. (G) The gene expression of Vegfa, n = 4. (H-I) The protein levels of VEGFA, n = 3. (J) Immunofluorescence staining of VEGFA in BMMSCs. Green: VEGFA, blue: 
DAPI. (K) Quantitative analysis of fluorescence intensity of VEGFA, n = 3. Data are presented as means ± SEM. Statistically significant differences were indicated by 
* P < 0.05. 
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proliferation, migration, and tube formation in HUVECs by down- 
regulating the expression of VEGF [40]. Consequently, melatonin is 
being recognized as an effective antiangiogenic agent that can impede 
tumor growth and progression [41–43]. Furthermore, the intraperito-
neal administration of melatonin demonstrated significant efficacy in 

mitigating the progression of post-traumatic osteoarthritis and 
improving the degradation of articular cartilage through the inhibition 
of vascular endothelium proliferation and synovial angiogenesis [44]. 
While melatonin did not directly promote angiogenesis, its antioxidant 
properties were found to positively impact the functional integrity of the 

Fig. 7. Micro-CT evaluation of in vivo bone defect regeneration. Bone defects of 3 mm in diameter and 2 mm in depth were established in SD rat femur and 
melatonin-loaded scaffolds were implanted into the defects. (A) The new bone formation in the bone defects evaluated by micro-CT imaging and 3D reconstruction at 
4 and 8 w. (B-D) Quantitative analysis of BV/TV, TB.N, and BMD in defect area, n = 3. Data are presented as means ± SEM. Statistically significant differences were 
indicated by * P < 0.05 or **P < 0.01. 
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Fig. 8. Histological analysis of the newly formed bone tissue at 4 and 8 weeks post-surgery. (A) Representative hematoxylin and eosin (H&E) staining of the defect 
area implanted with nanofiber scaffolds loaded with melatonin. (B) Representative Masson staining of collagen deposition. Scale bar = 1 mm (upper panels). Scale 
bar = 100 μm (lower panels). NB: new bone. 
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vascular endothelium. Notably, daily melatonin treatment effectively 
shielded HUVECs from oxidative stress, apoptosis, and mitochondrial 
damage. Consequently, this led to the restoration of aortic vaso-
relaxation and the release of nitric oxide in aged mice by activating the 
Sirtuin 3 antioxidant pathway [45]. Ragothaman et al. provided evi-
dence that a collagen-based bio-hybrid hydrogel containing melatonin 
and silver nanoparticles facilitated prompt tissue regeneration and 
collagen deposition at the site of skin wounds by expediting the for-
mation of blood vessels. This effect was primarily attributed to the 
synergistic interaction between melatonin and silver nanoparticles [46]. 
Consequently, we hypothesized that the utilization of melatonin-loaded 
electrospun nanofiber scaffolds in conjunction with BMMSCs undergo-
ing osteogenesis could enhance the angiogenesis of HUVECs. 

In this study, it was observed that the supernatant derived from 
Scaffold@HMT-cultured BMMSCs exhibited a significant enhancement 
in the migratory and tube-forming abilities of HUVECs. Additionally, the 
endothelial cells displayed heightened expression of CD31, a recognized 
marker for neovascularization, suggesting the potential angiogenic ef-
fect of Scaffold@HMT. Notably, Scaffold@HMT also upregulated the 
transcript and protein levels of VEGF in differentiated BMMSCs, which 
may be attributed to the augmented angiogenic response observed in 
HUVECs. In accordance with our findings, a prior investigation revealed 
that pre-treatment of BMMSCs with melatonin induced skin healing by 
upregulating the expression of VEGF in the wound area, thus presenting 
a more effective approach compared to BMMSC monotherapy [47]. 
Similarly, Zheng et al. demonstrated that melatonin treatment in a 

Fig. 9. Immunohistochemical analysis of the newly formed bone tissue and blood vessels. (A) Immunohistochemical staining for COL1A1 in the defect area. Scale 
bar = 100 μm. (B) Quantitative analysis of COL1A1-positive area at 4 and 8 weeks post-surgery, n = 3. (C) Immunohistochemical staining for VEGFA in the defect 
area. Scale bar = 100 μm. (D) Quantitative analysis of VEGFA-positive area at 4 and 8 weeks post-surgery, n = 3. (E) Immunohistochemical staining for CD31 in the 
defect area. Scale bar = 100 μm. (F) Quantitative analysis of the CD31-positive vessels at 4 and 8 weeks post-surgery, n = 3. Data are presented as means ± SEM. 
Statistically significant differences were indicated by * P < 0.05. 
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laboratory setting enhanced the expression of markers associated with 
angiogenesis in BMMSCs, including VEGF, angiopoietin-2, and 
angiopoietin-4. Furthermore, in vivo experiments conducted on ovari-
ectomized rats exhibited that melatonin administration expedited the 
repair of osteoporotic bones by stimulating bone mineralization and 
facilitating the formation of blood vessels around the tibia defect [48]. 
In order to elicit its protective effect, melatonin was integrated into an 
alginate-fibrin hydrogel, and concurrent administration with CD144+

endothelial cells facilitated the development of neovascularization in 
cryopreserved/thawed ovaries transplanted into heterotopic rats, while 
preventing the deposition of fibrotic tissue [49]. Subsequent in-
vestigations will elucidate the fundamental mechanism through which 
melatonin-loaded nanofibers directly modulate the interplay between 
osteogenesis and angiogenesis by up-regulating the expression of VEGF 
during the process of bone regeneration. 

To the best of our knowledge, this study represents the initial utili-
zation of electrospun nanofiber-based sponge for the purpose of 
repairing femoral bone defects. The cultivation of human adipose tissue- 
derived MSCs on both aligned and randomly oriented ploy (L-lactide) 
(PLLA) electrospun nanofibers has been observed to enhance osteogenic 
differentiation, as indicated by elevated levels of ALP activity and 
extracellular calcium deposition. Furthermore, it has been discovered 
that the nanotopographical cues exert an influence on the bone 
morphogenetic protein (BMP) signaling pathway, with the electrospun 
nanofibers acting as a microRNA sponge that affects the expression of 
miR-125b, miR-15b, and miR-20a [50]. The present study successfully 
demonstrated that the inclusion of melatonin within nanofiber 
sponge-like scaffolds significantly enhanced the rate of bone healing in 
rat femurs. Furthermore, this intervention effectively stimulated the 
formation of neovascularization at the defect site, which plays a crucial 
role in sustaining bone metabolism through the provision of essential 
nutrients and oxygen, as well as the removal of waste products [51]. 
However, it is important to acknowledge that the absence of personal-
ized design in the nanofibrous scaffold represents a limitation in this 
study, as clinical scenarios involve varying bone defects. To address this 
issue, the implementation of 3D printing technology offers a promising 
avenue for the development of tailored implants to effectively address 
individual bone defects. According to reports, the integration of elec-
trospun nanofibers with a 3D-printed scaffold can be achieved through a 
layer-by-layer deposition technique. This integration of nanofibers and 
scaffold has been found to enhance the repair process of a calvarial 
defect by influencing the polarization of macrophages from M1 to M2 
status. Consequently, this composite material has the ability to regulate 
the immune response within the bone defect environment [52]. Addi-
tionally, it is worth noting that bone reconstruction after complex 
trauma poses significant challenges in the field of orthopedic surgery. 
Liu et al. developed a biphasic hydrogel comprising two interconnected 
shape-tunable phases, enabling the controlled release of kartogenin and 
melatonin, known as chondrogenic and osteogenic inducers, respec-
tively. This innovative approach effectively facilitated the simultaneous 
repair of articular cartilage and subchondral bone defects in a damaged 
joint [53]. Melatonin not only promotes osteoblast-driven bone forma-
tion [54,55], but also inhibits osteoclaster-mediated bone resorption 
[56]. Further investigation is warranted to determine the potential 
impact of a biomimetic nanofiber scaffold loaded with melatonin on 
osteoclasts during the bone repair process. Consequently, forthcoming 
research endeavors will focus on integrating electrospinning and 3D 
printing methodologies to incorporate melatonin alongside other 
osteogenic/angiogenic molecules, ultimately culminating in the suc-
cessful functional restoration of bone defects. 

5. Conclusions 

In summary, a 3D electrospun nanofiber-based scaffold incorpo-
rating melatonin has been developed as an osteoinductive implant for 
bone defect repair. This sponge-like scaffold exhibits an interconnected 

porous structure with advantageous mechanical characteristics, facili-
tating cell proliferation and osteogenic differentiation of BMMSCs. 
Notably, their mitochondrial energy metabolism and antioxidant func-
tions are enhanced when cultured with the melatonin-loaded nano-
fibrous scaffold, as indicated by elevated levels of ATP production, 
MMP, and respiratory chain factors. Additionally, the application of the 
supernatant obtained from Scaffold@HMT-cultured BMMSCs enhances 
the migratory and tube-forming capacities of HUVECs by facilitating 
VEGF secretion from BMMSCs. The results of in vivo experiments suggest 
that the implantation of a melatonin-loaded scaffold into bone defects in 
the distal femur of rats enhances bone matrix production and angio-
genesis, thereby accelerating bone healing. Overall, these findings 
indicate that the transformation of 2D electrospun membranes into 3D 
nanofibrous scaffolds and their combination with melatonin may offer a 
promising strategy for facilitating bone regeneration. 
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