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a b s t r a c t

Vascularization and bone regeneration are closely related in the process of bone remodeling, and de-

signing a bioactive scaffold with pro-angiogenic and osteogenic properties may accelerate the repair of

bone defects. In this work, an iron-based metal–organic framework (MIL-88) was developed as a carrier

for loading a pro-angiogenic small molecular drug (dimethyloxallyl glycine, DMOG), and then embed-

ded into the PLGA nanofibrous scaffolds to repair cranial defects in rats. Imaging and histological eval-

uation indicated that PLGA/MIL@D scaffold markedly enhanced vascularization and bone regeneration

in vivo. Moreover, in vitro assay showed that co-delivery system significantly promoted angiogenesis by

stimulating endothelial cell migration, tube formation, and enhanced osteogenesis by promoting expres-

sion of osteoblast related proteins. In addition, PLGA/MIL@D scaffold promotes angiogenesis by activating

the hypoxia-inducible factor-1 (HIF-1)/vascular endothelial growth factor (VEGF) signaling pathway. Al-

together, this bioactive PLGA/MIL@D scaffold can combine angiogenesis with osteogenesis, and will be a

bright strategy for the repair of bone defects.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The repair and treatment of bone defects caused by trauma,

infection or tumor resection remains a pressing clinical problem

[1–5]. Vascularization and bone regeneration are mutually linked,

and the repair and regeneration process are closely related to the

formation of new blood vessels [6–10]. While common bone re-

pair only focuses on the formation of new bone, the early vas-

cularization is especially urgent in the process of bone formation

[11,12]. The vascular network plays an integral role in maintaining

the function of most tissues by providing the oxygen and nutrients

needed for bone regeneration [13,14]. In contrast, the porous struc-

ture of conventional scaffolds is usually relatively simple, providing

mass exchange mainly through free diffusion, making it difficult to

obtain a functional vascular network [15]. Thus, a scaffold can cou-

ple of osteogenesis and angiogenesis is essential for bone tissue

repair.

Dimethyloxallyl glycine (DMOG) is a cell-permeable small

molecule compound that is a competitive inhibitor of prolyl hy-

droxylases (PHDs) [16–19]. PHDs can catalyze hydroxylation of

hypoxia-inducible factor 1 (HIF-1), a key transcription factor regu-

lating angiogenic genes, which plays a key role in angiogenesis and

tissue regeneration [20,21]. Interestingly, DMOG can also promote
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osteogenic differentiation of bone marrow mesenchymal stem cells

(BMSCs) via the Rho/ROCK signaling pathway [20,22]. Therefore,

DMOG may serve as a promising bioactive cue for bone regener-

ation [23]. However, the effective loading and long-lasting release

of DMOG remains a critical issue that needs to be addressed ur-

gently.

Metal organic frameworks (MOFs) have been widely used in

the medical field, and high drug loading capacity allow the carri-

ers to synergize with drugs [24–27]. Therefore, selecting a suitable

metal ion-centered MOF, which can not only serve as a drug car-

rier but create a favorable ionic microenvironment, may provide a

promising strategy for bone regeneration [28,29]. Iron-based MOFs

(e.g., MIL-88) benefit from the versatility of iron ions, exhibit an-

tibacterial, osteogenic and angiogenic effects, and occupy an im-

portant position in the field of biomaterials as well [30–32]. As a

type of bioactive ion, iron is an essential component of cells with

hematopoietic functions and plays a crucial role in the transport of

nutrients in the blood [33,34]. On these bases, iron is often intro-

duced into scaffolding-materials for promoting bone regeneration.

Herein, we designed a nanofibrous poly(lactic acid-co-glycolic

acid) (PLGA) hybrid scaffold that incorporated DMOG-loaded iron-

based MOFs (MIL-88) as a dual cooperative release system, which

can combine the nanofibrous network mimicking the natural ex-

tracellular matrix with the drug delivery system to achieve ef-
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Scheme 1. Schematic illustration of the hybrid scaffold that incorporated DMOG-loaded iron-based MOFs (MIL-88) as a dual cooperative slow release system (PLGA/MIL@D)

for the repair of bone defects. The well-designed scaffold was implanted into rat calvarial defect mode to evaluate the osteogenic and pro-angiogenic abilities.

Fig. 1. Characterization of MIL, MIL@D NPs and PLGA/MIL@D scaffold. The morphologies of (a) MIL and (b) MIL@D were detected by SEM and TEM. (c) PXRD pattern of MIL

and MIL@D. (d) SEM images, (e) FTIR spectra and (f) XRD curves of PLGA, PLGA@D, PLGA/MIL and PLGA/MIL@D scaffolds. (g) Cumulative release curve of DMOG in 14 days.

(h) The release profiles of iron ions from PLGA/MIL@D scaffold.

fective slow release of DMOG and promote vascularization and

bone regeneration (Scheme 1). The biomaterial characteristics, pro-

angiogenic and osteogenic function of this composite sustained-

release system were observed and evaluated in a rat cranial de-

fect model. In vitro results demonstrated that PLGA/MIL@D scaf-

fold can improve the angiogenesis and osteogenesis by activat-

ing the hypoxia-inducible factor-1 (HIF-1α)/vascular endothelial

growth factor (VEGF) signaling pathway.

The introduction of MOF material enriched the drug-carrying

and ion-releasing ability of the scaffold, which may be the main

reason for enhancing the angiogenesis and osteoinductivity [35,36].

Scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM) images displayed the morphology for two nanopar-

ticles (NPs) and shown in Figs. 1a and b. The images both dis-

played spindle-like shape with uniform size. Notedly, the morphol-

ogy after loading DMOG gradually changed from biconical rod to

octahedral shape, which may be due to the introduction of DMOG

more favorable to the formation of {101} facets, further acceler-

ate the hydrolysis of iron salts and change the driving force of

MIL growth [37]. And the powder X-ray diffraction (PXRD) pat-

terns were shown in Fig. 1c, the characteristic diffraction peaks of

MIL-88 appeared at about 9.2° (002), 10.3° (101), 13.1° (102), 16.7°
(103), 18.5° (200) and 20.7° (202), indicating that the MIL-88 has

good crystallinity. It was noteworthy that the DMOG-loaded NPs

maintain an excellent crystallinity. Electrospun scaffolds are excel-

lent candidates for tissue engineering due to their ability to mimic

diversified extracellular matrix (ECM) and compositions, possess-

ing high porosity and large surface area [38–40]. To achieve this,
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DMOG, MIL-88 or MIL-88@DMOG NPs were embedded into PLGA

fibrous mats by electrospinning. The morphologies of the vari-

ous mats were shown in Fig. 1d. These scaffolds were randomly

arranged and intertwined at the microscopic level. Besides, with

the introduction of MOF, the electrospun mats gradually became

much rougher compared with PLGA. The FTIR spectra were ob-

tained to confirm the molecular structures and characteristic func-

tional groups (Fig. 1e). The characteristic peaks of these four scaf-

folds resembled those of the raw PLGA, and for both PLGA/MIL

and PLGA/MIL@D stents, they also had the characteristic absorp-

tion peaks of MIL-88 NPs, meaning that the chemical proper-

ties were unaffected by the electrospinning process. Moreover, the

amorphous structure of PLGA was confirmed from the XRD results

(Fig. 1f). Not only that, it could also be seen that MIL-88 NPs in

PLGA/MIL or PLGA/MIL@D scaffolds maintain intact crystallization

behavior.

Next, a polymer/drug loaded electrospun scaffold was devel-

oped to control the burst release of DMOG and iron ions in the

early stage. The in vitro cumulative release of DMOG from MIL@D

NPs and PLGA/MIL@D scaffold were shown in Fig. 1g. It could be

clearly seen that the release rate of DMOG in the PLGA/MIL@D

scaffold was significantly slower compared to MIL@D NPs. The ef-

fective releasing of DMOG molecules were required to cross two

barriers, they should firstly release from the pores of MIL-88 NPs

and subsequent diffused out from the gap of polymer fiber mem-

brane into the medium. With the degradation of MIL-88 NPs was

accelerated by the slow degradation of the polymer fiber and

formed openings, so that the release rate of DMOG was also seen

to be accumulated. Also, due to the slow degradation of the poly-

mer fibers, DMOG exhibited a long-lasting slow release, which

could be exceed 14 days. Further, the scaffold could provide a long-

term angiogenic molecule for the bone defect. And the cumulative

concentrations of the released iron ions were also determined by

ICP-AES (Fig. 1h). Iron ions could be released along with the degra-

dation of the MIL-88 NPs and PLGA fiber, reaching 1.78μg/mL after

2 weeks. Apart from this, each group of scaffolds could be slowly

degraded and absorbed after 10 weeks (Fig. S1 in Supporting infor-

maton), which is a necessary property for tissue engineering scaf-

folds.

The effect of material surface microstructure and property on

cell behavior was assessed by studying the adhesion and prolifer-

ation of HUVECs. The HUVECs attached to each scaffold and dis-

tributed with elongated cytoskeletons (Fig. S2 in Supporting infor-

maton). And the shape of cell was much fuller and more regu-

lar, showing a better spreading morphology in PLGA/MIL@D group.

In addition, the cell density on the surface of the scaffolds was

roughly equivalent in the three groups, indicating that there was

no adverse effect on cell adhesion and growth due to the addition

of DMOG and MIL-88 NPs. Meanwhile, the CCK-8 assay was used

to evaluate the proliferation of HUVECs on fibrous scaffolds for 7

days. According to Fig. 2a, all groups had good proliferation ability,

further illustrating the excellent biocompatibility of scaffolds. Thus,

the composite scaffolds were biocompatible and could serve as an

adaptable attachment material for cell growth.

For bone regeneration, the early vascularization plays an im-

portant role in accelerating new bone formation [41]. To as-

sess the ability of scaffolds to induce vascularization, a subcuta-

neous implantation model was performed in nude mouse for 4

weeks. And all animal studies were conducted in accordance with

the Animal Care and Use Committee of China Medical University

(IACUC-2,020,012). After implantation, specimens were collected

that clearly reflected the formation of a vascular network around

the implant (Fig. 2b), and the quantitative data was shown in Fig.

S3 (Supporting information). From the digital photos, more newly

formed vessels were observed within the PLGA/MIL@D stent com-

pared to the other controls. The specific state of in vivo vascular-

ization treated with this bioactive PLGA/MIL@D scaffold was fur-

ther investigated by histological analysis. All results indicated that

the bioactive scaffold possessed the promising vascularization and

bone regeneration in vivo.

The ability of scaffold-mediated bone regeneration was further

investigated in vivo. After 10-week implantation of bioactive scaf-

folds in the bone defects (diameter, 5mm) of SD rats, the bone

tissue corresponding to the defect areas was collected for histolog-

ical and immunohistochemical examinations (Fig. 2c). As expected,

more new bone formation was found in the defect area where the

PLGA/MIL@D stent was implanted, and the defect area was almost

covered by newly formed bone tissue. Masson staining also con-

firmed a higher amount of new bone tissue formation from defect

edge to central area in the PLGA/MIL@D group compared with the

other groups. To further explore the bone-formation and vascular-

ization, immunohistochemical method was used to detect the ex-

pression of osteogenic (ALP, Runx2 and OCN) and angiogenic (VEGF

and CD31)-related proteins in the bone implantation area and sur-

rounding tissues (Fig. 2c). And the immunohistochemistry stain-

ing showed greater areas of ALP-, Runx2-, OCN-, VEGF- and CD31-

positive cells in the PLGA/MIL@D group than in the other three

groups. These results suggest that the bioactive PLGA/MIL@D scaf-

fold enhanced the angiogenesis-osteogenesis coupling effect and

further accelerated process of critical-size cranial defect repair. It

indicated that DMOG is an effective stimulator for improving in

vivo angiogenesis and that DMOG-loaded scaffolds can synergisti-

cally enhanced vascular formation.

To further determine the regulatory role of the composite scaf-

fold, we evaluated in vitro human umbilical vein endothelial cells

(HUVECs) migration, tube formation, and the expression of associ-

ated osteogenic proteins. The cell migration is crucial for wound

healing, especially migration of HUVECs, may induce angiogene-

sis at the injury site and shorten the healing time. The effects of

various scaffolds on HUVECs migration and tubular network for-

mation were evaluated and the results were shown in Fig. 3a. As

shown in Fig. 3a, various scaffolds demonstrated cell migration to

some extent, and the migration was better in the scaffold group

than in the control. In addition, the PLGA/MIL@D group had the

best wound closure at 24h, where the scratches were almost com-

pletely closed. The Transwell assay also showed the similar results,

the PLGA/MIL@D group significantly promoted the migration of

HUVECs, while only a limited amount of migrated HUVECs in the

PLGA group. Furthermore, the tube formation assay was analyzed

with the support of matrigel, capillary-like networks were formed

in all groups after 24h, and HUVECs treated by PLGA/MIL@D group

formed the maximum number of branch-like structures. The semi-

quantitative analyses for the wound healing, Transwell and tube

formation assays were shown in Fig. S4 (Supporting information).

The synergistic effect of DMOG and iron-supplying MOF could dra-

matically enhance in vitro angiogenesis of HUVECs.

To explore the effect of PLGA/MIL@D scaffold on the HIF-

1α/VEGF pathway, we examined expression levels of VEGF, HIF-

1α, Runx2 and OCN by using western blotting (Fig. 3b). The results

suggested that DMOG-loaded scaffolds could mediate specific bio-

logical activity through upregulation of VEGF and HIF-1α protein

expression. The HIF-1α pathway plays a critical role in the cou-

pling of angiogenesis and osteogenesis. Overall, the PLGA/MIL@D

scaffold could effectively release DMOG and thus exert an os-

teogenic function in addition to its angiogenic activity in vitro.

In conclusion, a novel bioactive scaffold was successfully con-

structed, which combine the nanofibrous network with the drug

delivery system to achieve effective slow release of DMOG and

bioactive ions for enhanced vascularization and bone regeneration.

The PLGA/MIL@D scaffold can promote the degree of angiogenesis

and mineralization at the site of bone defects in rat skull in vivo,

which is essential for the reconstruction and regeneration of bone
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Fig. 2. The biocompatibility, osteogenic and pro-angiogenic effect of PLGA/MIL@D scaffold. (a) CCK-8 assay of HUVECs on scaffold for 1, 3, 5, 7 days (∗P < 0.05, ∗∗P < 0.01,

NS: No significance). (b) The digital photos, histological evaluation stained with H&E and Masson staining for new vessels (scale bar: 100μm). (c) Histological evaluation

stained with H&E, Masson staining and typical images of immunohistochemistry analysis of ALP, Runx2, OCN, VEGF and CD31 for new bone formation after 10 weeks. NB,

new bone and triangle point to the positive staining area (scale bar: 200μm).

Fig. 3. (a) Representative images of wound healing assay, Transwell assay and tube formation assay for various scaffolds (scale bar: 100μm). (b) The expression of VEGF,

HIF-1α, Runx2 and OCN were examined by Western blot. NS, no significance compared to control (n=3), ∗P < 0.05, ∗∗P < 0.01.
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defects. In vitro assay showed that the composite scaffold has good

biocompatibility, angiogenic and osteogenic potential. This bioac-

tive composite scaffold can couple vascularization and osteogene-

sis, it would provide a new alternative for the repair of bone de-

fects.
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