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A B S T R A C T   

The escalating prevalence of anterior cruciate ligament (ACL) injuries in sports necessitates innovative strategies 
for ACL reconstruction. In this study, we propose a multiphasic bone-ligament-bone (BLB) integrated scaffold as a 
potential solution. The BLB scaffold comprised two polylactic acid (PLA)/deferoxamine (DFO)@mesoporous 
hydroxyapatite (MHA) thermally induced phase separation (TIPS) scaffolds bridged by silk fibroin (SF)/con-
nective tissue growth factor (CTGF)@Poly(L-lactide-co-ε-caprolactone) (PLCL) nanofiber yarn braided scaffold. 
This combination mimics the native architecture of the ACL tissue. The mechanical properties of the BLB scaf-
folds were determined to be compatible with the human ACL. In vitro experiments demonstrated that CTGF 
induced the expression of ligament-related genes, while TIPS scaffolds loaded with MHA and DFO enhanced the 
osteogenic-related gene expression of bone marrow stem cells (BMSCs) and promoted the migration and tubular 
formation of human umbilical vein endothelial cells (HUVECs). In rabbit models, the BLB scaffold efficiently 
facilitated ligamentization and graft-bone integration processes by providing bioactive substances. The double 
delivery of DFO and calcium ions by the BLB scaffold synergistically promoted bone regeneration, while CTGF 
improved collagen formation and ligament healing. Collectively, the findings indicate that the BLB scaffold 
exhibits substantial promise for ACL reconstruction. Additional investigation and advancement of this scaffold 
may yield enhanced results in the management of ACL injuries.   
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1. Introduction 

The anterior cruciate ligament (ACL) plays an essential role in con-
necting the femur and tibia to maintain joint stability in the knee [1]. 
ACL injuries have become increasingly common due to the global 
popularity of sports, accounting for 30% of knee injuries [2]. However, 
the ACL has limited regenerative ability due to factors such as low cell 
density, inadequate nutrients, and poor blood supply. Currently, ACL 
reconstruction commonly involves the use of autografts, allografts, or 
artificial ligaments [3,4]. But, these treatments still face several chal-
lenges. For instance, while autografts are considered the gold standard, 
they can lead to donor site morbidity and compromise the original 
function of the donor site [5]. The outcome of ACL reconstruction with 
allografts is often unsatisfactory due to various factors including host 
immune responses, allergic reactions, disease transmission, and delayed 
tendon-bone healing [6]. To address these issues, artificial ligaments 
have gained attention in clinical practice. One example is the Ligament 
Augmentation Reconstruction System (LARS, France) made of 
non-degradable polyethylene terephthalate (PET) and has been widely 
used as an alternative to the native ACL [7]. Although the LARS ligament 
has shown adequate mechanical properties and improved knee func-
tions, it can also lead to moderate to severe side effects such as synovitis, 
poor graft-bone healing, and bone tunnel enlargement. These side ef-
fects contribute to a high failure rate in long-term follow-up [8]. To 
achieve ligament regeneration and graft-bone integration, it is crucial to 
find a bioactive ligament graft with a biomimetic native ACL structure. 

Biodegradable natural and synthetic materials have been utilized in 
the fabrication of scaffolds for ligament tissue regeneration [9,10]. 
However, these tissue-engineered ligaments lack osteoinductivity and 
leading to a failure in promoting bone healing upon implantation into 
the bone tunnel. Consequently, a suboptimal integration between the 
graft and bone occurs, exacerbating the significant concern of bone 
tunnel enlargement [11]. To address this challenging problem, it is vital 
to develop a novel biomaterial composite to enhance ligament-to-bone 
integration and successfully reconstruct the ACL. In recent years, as 
biomimicry receives more and more attention, the design of ACL scaf-
folds should also be a multiphase transition structure to simulate native 
tissues. For example, Dong et al. introduced a bioactive clay laponite 
into silk fibroin (SF)/laponite artificial ligament for ACL reconstruction 
[12]. It promoted the growth of new bone tissue and the generation of 
fibrocartilage tissue and mature collagen fibers in the bone tunnel 
segment. Recently, we used biomineralization and electrodeposition 
methods for depositing calcium phosphate on the PET artificial ligament 
[3]. The modified scaffolds significantly stimulated the osteogenic dif-
ferentiation of mouse embryo osteoblast precursor cells (MC3T3-E1) 
cells and promoted graft-bone integration. However, previous studies 
have primarily focused on developing ligament-alone grafts. It is 
believed that incorporating an osteoinductive phase into the ends of a 
ligament scaffold could generate a multiphasic bone-ligament-bone in-
tegrated graft, thus providing better graft-host integration compared 
with a ligament-alone graft. 

A strategy whereby integrating the ligament segment with the bone 
tunnel segment scaffold resulting in strong bony attachments could 
circumvent these aforementioned issues and potentially improve the 
success rate of ACL reconstruction. Electrospun aligned nanofibers or 
nano/micro hybrid constructions have been proven to promote cell 
differentiation for ligament tissue engineering applications [13]. How-
ever, these densely compacted nanofibers restrict cell infiltration and 
tissue ingrowth, limiting broader clinical application [14,15]. Besides, 
electrospun nanofibrous scaffolds possess poor suture-retention strength 
for surgical reconstruction and generally have insufficient mechanical 
properties to support primary ligament repair. In contrast, textile scaf-
folds are widely used in ligament tissue engineering due to their large 
porosity, sufficient mechanical strength, good flexibility, and retention 
of the characteristics of constituent units [16–19]. Therefore, by 
combining electrospun nanofibers with textile scaffolds, it is expected to 

overcome the aforementioned drawbacks and leverage the respective 
advantages of both materials. In addition, recent studies have demon-
strated that connective tissue growth factor (CTGF), a cysteine-rich 
matricellular protein, holds significant potential for ligament repair 
due to its ability to stimulate ligament regeneration by promoting the 
differentiation of both exogenous and endogenous stem cells. Poly 
(L-lactide-co-ε-caprolactone) (PLCL) a biodegradable polymer known for 
its elastic mechanical properties, is commonly employed in various 
biomedical applications. In this study, we employed PLCL to fabricate 
core-shell nanofibers with CTGF encapsulated within the fiber compo-
nent, creating a nanofiber yarn for potential use in ligament repair. 
Another important aspect of ACL tissue engineering is to choose an 
appropriate bone scaffold to guide graft-bone integration. Polylactic 
acid (PLA) is a biodegradable polymer with great mechanical strength 
and is widely studied and used in the field of bone tissue engineering 
[20]. In bone tissue engineering, PLA-based scaffolds are commonly 
utilized as a platform for delivering cells, growth factors, and other 
bioactive substances (such as hydroxyapatite) to the site of bone defects. 
We also found the hydroxyapatite (HA) gradient woven scaffold has 
good osteoinductivity and spatially regulates the differentiation 
phenotype of bone marrow stem cells (BMSCs) [21]. Furthermore, 
mesoporous hydroxyapatite (MHA) has the potential to load large 
numbers of biologically active molecules for drug delivery. The ther-
mally induced phase separation (TIPS) technique has gained significant 
attention in the fabrication of bone tissue engineering scaffolds due to its 
simplicity and porosity [22–24]. Although numerous TIPS scaffolds 
have been extensively studied in vitro and in vivo, their clinical trans-
lation is primarily impeded by insufficient vascularization and weak 
osteoinductive activity [25]. Deferoxamine (DFO), an iron chelator, has 
the potential to enhance bone regeneration by promoting angiogenesis 
through the upregulation of hypoxia-inducible factor-1alpha (HIF-1α) 
and vascular endothelial growth factor (VEGF) [26]. 

In this study, a novel bone-ligament-bone (BLB) integrated scaffold 
was fabricated through the synergistic combination of electrospinning, 
textile, and TIPS techniques (Fig. 1). A comprehensive investigation was 
conducted to systematically explore the physicochemical characteristics 
of the BLB scaffolds. Subsequently, the cytocompatibility, osteogenic 
potential, and vascularization performance of the scaffolds were 
assessed through in vitro experiments. Furthermore, the ligament and 
bone regeneration capability of the BLB scaffold was evaluated using the 
rabbit models. 

2. Results 

2.1. Characterization of MHA 

MHA nanoparticles were synthesized using the hydrothermal 
method following the procedures in Fig. 1A. The MHA nanoparticles 
possessed a uniform rod-like shape, measuring approximately100 nm in 
length and30 nm in width (Fig. 2B). It showed light-colored shaded 
stripes within the rod-like structure, indicating the presence of nano-
porous channels resulting from the removal of cetyl trimethyl ammo-
nium bromide (CTAB) during calcination. The arrangement of these 
pore channels was primarily disordered, with some degree of order 
throughout the entire MHA structure. The morphology of DFO@MHA 
remained unchanged after drug loading, suggesting that the incorpora-
tion of small molecular drugs does not significantly impact the structure 
of MHA (Fig. 2C). 

FTIR absorption peaks observed at 1075, 1022, and 940 cm− 1 cor-
responded to stretching vibrations of the phosphate group, and 601 
cm− 1 belong to the vibrational mode of OH groups in the HA (Fig. 2D). 
The strong absorption bands at 2970 and 2960 cm− 1 were attributed to 
CH2 stretching modes of CTAB [27]. Upon calcination, these strong 
bands disappeared, indicating the absence of residual CTAB species in 
the calcined sample. The primary crystalline peaks of HA were distrib-
uted at diffraction angles of 25.8, 31.8, 32.9, 39.8, and 46.6◦ (Fig. 2E). 
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Similarly, the crystalline peaks were observed for MHA at slightly 
different diffraction angles of 25.9, 31.8, 32.9, 39.9, and 46.8◦. XRD 
analysis showed the MHA possessed a nanocrystalline nature without 
characteristic diffraction angles of other calcium phosphate phases. The 
N2 adsorption-desorption isotherm exhibited a typical type IV pattern 
(Fig. 2F), further supporting the mesoporous structure of MHA and its 
successful drug loading ability within the channels [28]. MHA exhibited 
a specific surface area of 53.1 m2/g and an average pore size of 4.5 nm 
(Fig. 2F, insert). 

2.2. Fabrication and characterization of BLB integrated scaffolds 

The production processes and macroscopic morphology of the BLB 
scaffolds were schematically illustrated in Figs. 1B and 2G, respectively. 
Nanofiber yarns loaded with CTGF were prepared by emulsion electro-
spinning technology (Fig. 2A), and subsequently assembled into a 
braided scaffold serving as the ligament component of the integrated 
graft. TIPS technique was used to fabricate bone scaffolds, which were 
tightly integrated with the braided scaffold (Fig. 2I). MHA and DFO were 
deposited on PLA to obtain a scaffold loaded with bioactive substances. 
The BLB scaffold showed a three-section structure, comprising two 
highly dense TIPS scaffolds at both ends and a soft nanofiber braided 
scaffold at the center. 

The scanning electron microscopy (SEM) images revealed the core- 
sheath structure of nanofiber yarns with the SF microfibers as the 
inner core and PLCL or CTGF@PLCL aligned nanofibers as the sheath 
layer (Fig. 2J). Moreover, the surface of the SF scaffold was smooth 
while the SF/PLCL and SF/CTGF@PLCL scaffolds became rough and 
oriented arrangements (Fig. 2K). SEM images exhibited that the PLA, 
PLA/MHA, and PLA/DFO@MHA scaffolds were porous structures with 
thin lamellar skeletons (Fig. 2H). The interconnected porous structure 
with a pore diameter ranging from dozens to hundreds of microns was 
left in the TIPS scaffolds after freeze-drying. No nanoparticles precipi-
tated on the skeletons of the PLA scaffold. However, the EDS images 
confirmed MHA or DFO@MHA nanoparticles were uniformly 

distributed on the skeletons of PLA/MHA or PLA/DFO@MHA scaffolds 
through observation of Ca, P, and N elements (Fig. 2H). 

The chemical and crystalline structure of the scaffolds were charac-
terized by FTIR (Fig. 3A) and XRD (Fig. 3B), respectively. The PLA 
characteristic bands in the PLA, PLA/MHA, and PLA/DFO@MHA scaf-
folds were observed at 1752 (C––O, asymmetric stretching), 1450 and 
1382 (C–H, stretching), 1180 and 1082 cm− 1 (C –O, stretching vibra-
tion) [29]. Moreover, MHA nanoparticles presented the characteristic 
bands located in 559 and 601 cm− 1 corresponding to the group of PO4 
which appeared for PLA/MHA and PLA/DFO@MHA scaffolds. The 
SF/PLCL and SF/CTGF@PLCL scaffolds exhibited some similar FTIR 
spectra, compared to the SF scaffold. The characteristic bands at 1624 
and 1514 cm− 1 corresponded to the amide I region and amide II region 
of SF, respectively. The characteristic vibration bands were observed at 
1756 and 1084 cm− 1, attributing to the ester group and C–C stretching 
of PLCL in the SF/PLCL and SF/CTGF@PLCL scaffolds. In the XRD 
pattern, PLA shows two characteristic peaks at 16.72◦ and 19.28◦, while 
the peaks at 31.76◦ corresponded to the MHA in PLA/MHA and 
PLA/DFO@MHA scaffolds [30]. SF shows broad diffraction peaks at 
9.36◦, 20.73◦, and 29.43◦, indicating that it is a mixed crystal of Silk I 
(alpha helix) and Silk II (β-sheets). PLCL exhibits a major diffraction 
peak at 16.80◦ was confirmed by the semi-crystalline structures. Fig. 3C 
shows the TGA curves, the thermal decomposition temperature of the 
PLA, PLA/MHA, and PLA/DFO@MHA scaffolds were in the range of 
300–400 ◦C, and the main chain of PLA molecules was destroyed. The 
maximum thermogravimetric rates of SF, SF/PLCL, and SF/CTGF@PLCL 
occur at 300–350 ◦C, mainly because of the SF degradation. The weight 
loss above 350 ◦C was mainly caused by the carbonization and cracking 
of PLCL polymer. Moreover, the water contact angles of the PLA/MHA 
(104.1 ± 5.9◦) and PLA/DFO@MHA (98.4 ± 5.4◦) scaffolds were much 
lower than the PLA scaffold (130 ± 3.4◦) (p < 0.01), indicating MHA 
significantly improved hydrophilic properties (Fig. 3D). The water 
contact angles of SF, SF/PLCL, and SF/CTGF@PLCL scaffolds were 30.3 
± 2.7◦, 40.1 ± 3.4◦, and 35.9 ± 4.1◦, respectively, and no significant 
difference (p > 0.05). 

Fig. 1. Schemata of design and preparation of the 
multiphasic bone-ligament-bone integrated scaffold 
(BLB) for ACL repair. (A) Diagram of the formation 
mechanism of the MHA powders using CTAB micelle 
porogen. (B) Scheme of BLB preparation by electro-
spinning technique and thermally induced phase 
separation (TIPS): Nanofiber yarn preparation by an 
emulsion electrospinning method (Step 1). NYs 
assembled into a braided scaffold (Step 2). Synthesis 
of MHA powders (Step 3). The DFO drug loaded by 
MHA (Step 4). DFO@MHA powders deposited on the 
PLA solution (Step 5). TIPS technique was used to 
fabricate the BLB scaffold by encapsulating the ends 
of the braided scaffold within the TIPS solution (Step 
6).   
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Fig. 2. Microstructure and morphology characterization of nanofibers, MHA, DFO@MHA, and BLB scaffolds. TEM micrographs of (A) nanofibers, (B) MHA, and (C) 
DFO@MHA. (D) FTIR spectra of HA, MHA, and MHA-CTAB. (E) XRD patterns of HA and MHA. (F) The nitrogen adsorption/desorption isotherms and pore size 
distribution graph (insert) of the MHA powders. (G) The macroscopic view of three kinds of BLB scaffolds. (I) SEM images of the cross-section of BLB scaffolds. (J and 
K) SEM images of SF, SF/PLCL, and SF/CTGF@PLCL nanofibers and their braided scaffolds. (H) The SEM images and EDS elemental mappings of PLA, PLA/MHA, and 
PLA/DFO@MHA samples. 
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Fig. 3. Characterization and mechanical properties of BLB scaffolds. (A) FTIR spectra, (B) XRD patterns, (C) TGA curves, and (D) water contact angle of PLA, PLA/ 
MHA, PLA/DFO@MHA, SF, SF/PLCL, and SF/CTGF@PLCL scaffolds. (E) The cumulative release amounts of Ca ions were quantified by ICP-AES. (F) In vitro the 
release behaviors of DFO and CTGF from the PLA/DFO@MHA or SF/CTGF@PLCL scaffolds, respectively. (G) Photographs show that the BLB scaffold can support a 
weight of at least 1.5 kg, about 30,000 times its weight. (H) The BLB scaffolds were placed between the two grips and sustained stretching until it breaks. (I) 
Representative tensile stress-strain curves, (J) Young modulus, and (K) UTS of BLB scaffolds. (L) Representative compressive strain-stress curves, (M) compressive 
modulus, and (N) compressive strength of the PLA, PLA/MHA, and PLA/DFO@MHA scaffolds. Statistical analysis was performed by one-way ANOVA followed by 
Tukey’s multiple comparison test, *p < 0.05, **p < 0.01. 
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The cumulative release of Ca ions was quantified by ICP-AES and is 
shown in Fig. 3E. Ca ions were sustainably released from PLA/MHA and 
PLA/DFO@MHA scaffolds for up to 10 weeks without an obvious burst 
effect. This release behavior is due primarily to the slow degradation of 
MHA nanoparticles [21]. The release behavior of DFO or CTGF from the 
PLA/DFO@MHA or SF/CTGF@PLCL scaffolds is shown in Fig. 3F. DFO 
had a rapid release profile within 24 h followed by a relatively slow 
release, with a release period of more than 180 h. The release of CTGF 
showed an obvious sustained and the accumulated release percentage 
was 4.3 ± 1.2% and 53.1 ± 2.0% on days 1 and 21, respectively. 

2.3. Mechanical properties of BLB integrated scaffolds 

According to Fig. 3G, the BLB bracket has the ability to withstand 
30,000 times its own weight. This remarkable mechanical characteristic 
indicates that the scaffold fulfills the necessary traction requirements for 
surgical procedures. On the other hand, when subjected to a specific 
pulling force, cracks were observed in the TIPS scaffolds. As the tension 
increased further, the braided scaffold experienced complete fracture, as 

illustrated in Fig. 3H. It is worth noting that the TIPS scaffolds consis-
tently maintained tight integration with the braided scaffold, without 
any detachment during stretching. 

The tensile properties of the PLA-SF-PLA (PS), PLA/MHA-SF/PLCL- 
PLA/MHA (PMSP), and PLA/DFO@MHA-SF/CTGF@PLCL-PLA/ 
DFO@MHA (PMDSPC) scaffolds are summarized in Fig. 3I–K. The 
Young’s modulus of PMSP (132.50 ± 12.29 MPa) and PMDSPC (127.85 
± 12.61 MPa) scaffolds were enhanced significantly as compared with 
the PS scaffold (98.29 ± 11.85 MPa) (p < 0.05) (Fig. 3J). Analogously, 
the ultimate tensile strength (UTS) in the PMSP (40.23 ± 1.53 MPa) and 
PMDSPC (36.38 ± 1.15 MPa) scaffolds was significantly higher than 
that of the PS (32.17 ± 1.67 MPa) scaffold (Fig. 3K), indicating the 
nanofiber improves the mechanical strength. Importantly, the UTS of 
the PMSP and PMDSPC scaffolds matched the native ACL (about 35 
MPa) of humans [31]. Besides, the strain at failure of the three scaffolds 
ranged from 31.8% to 35.1% without significant differences (p > 0.05) 
(Fig. S1). 

The compression stress-strain curves of PLA, PLA/MHA, and PLA/ 
DFO@MHA scaffolds are shown in Fig. 3L. The PLA/MHA (7.0 ± 1.2 

Fig. 4. Cytocompatibility and cell differentiation of BMSCs on scaffolds. (A) Calcein AM (green, live cells) and PI (red, dead cells) staining, (B) Phalloidin (F-actin) 
and DAPI (nuclei) staining for BMSCs on PLA, PLA/MHA, and PLA/DFO@MHA scaffolds at day 7. (C) Calcein AM (green, live cells) and PI (red, dead cells) staining, 
(D) Phalloidin (F-actin) and DAPI (nuclei) staining for BMSCs on SF, SF/PLCL, and SF/CTGF@PLCL scaffolds at day 7. (E and F) The cell proliferation of BMSCs 
cultured on different scaffolds was measured using CCK-8 method. (G) Representative ALP staining images of BMSCs on PLA, PLA/MHA, and PLA/DFO@MHA 
scaffolds for 7 days, and (H) quantitative analysis of ALP activity for 7 and 14 days. (I) ARS staining and (J) quantitative analysis of BMSCs on PLA, PLA/MHA, and 
PLA/DFO@MHA scaffolds after osteogenic induction for 14 days. (K–M) The expression of osteogenic differentiation-related genes including COL I, Runx2, and OPN 
of BMSCs cultured on PLA, PLA/MHA, and PLA/DFO@MHA scaffolds at day 14. (N–P) The expression of ligament differentiation-related genes including COL I, TNC, 
and SCX of BMSCs cultured on SF, SF/PLCL, and SF/CTGF@PLCL scaffolds at day 14. Statistical analysis was performed by one-way ANOVA followed by Tukey’s 
multiple comparison test, *p < 0.05, **p < 0.01. 
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MPa) and PLA/DFO@MHA (7.0 ± 0.2 MPa) scaffolds displayed signif-
icantly greater compression modulus than the PLA (4.9 ± 0.6 MPa) 
scaffold (p < 0.05) (Fig. 3M), while the incorporation of MHA afforded 
no increase in compression strength (Fig. 3N). 

2.4. Cell adhesion and proliferation 

In vitro assessment of the viability and proliferation of BMSCs on the 
scaffolds was performed using Live/Dead staining, F-actin staining, and 
CCK-8 assay. The majority of the cells were living (green) and hardly any 
dead cells (red) were observed after 7 days of culture on TIPS scaffolds 
(Fig. 4A). BMSCs on the PLA/MHA and PLA/DFO@MHA scaffolds 
showed a well-spread and elongated morphology, devoid of distinct 
individual cell boundaries, indicative of a favorable specific response 
between the cells and scaffolds (Fig. 4B). However, the distribution of 
BMSCs on the PLA scaffold was found to be non-uniform, lacking proper 
spreading. This can be attributed to the hydrophobic nature of PLA, 
which hinders cell adhesion to the scaffold surface. In contrast, MHA 
possesses a higher number of bioactive functional groups and exhibits 
improved hydrophilicity, thus facilitating enhanced interaction between 
the scaffold and BMSCs. As the culture time increased, the BMSCs 
gradually proliferated on the PLA, PLA/MHA, and PLA/DFO@MHA 
scaffolds, and there was no significant difference in absorbance values at 
the same time point (p > 0.05) (Fig. 4E). The results showed that the 
addition of an appropriate quantity of MHA or DFO to the scaffold did 
not impede the proliferation of BMSCs. 

Live/Dead staining of the SF, SF/PLCL, and SF/CTGF@PLCL scaf-
folds was predominately living (green) with few dead cells (red) at 7 
days (Fig. 4C). Meanwhile, the number of live cells was higher in the SF/ 
CTGF@PLCL scaffold compared to the SF and SF/PLCL scaffolds. 
Morphological analysis revealed that BMSCs adhered to the SF scaffold 
in a morphology randomly (Fig. 4D). In contrast, cells adhered to the SF/ 
PLCL and SF/CTGF@PLCL scaffolds displayed an elongated morphology 
and proliferated along the nanofibers. This observation can be attributed 
to the aligned arrangement of nanofibers induces the orientation growth 
and migration of cells [32]. Furthermore, the number of BMSCs on the 
SF/CTGF@PLCL scaffold was the highest among all groups after culture 
for 4 and 7 days, indicating that CTGF promotes cell proliferation 
(Fig. 4F). 

2.5. Osteogenic differentiation and related gene expression of BMSCs 

Alkaline phosphatase (ALP) activity is an early indicator of osteo-
genic differentiation and participates in ECM mineral deposition [33]. 
ALP staining in both PLA/MHA and PLA/DFO@MHA scaffolds exhibited 
a darker intensity compared to the PLA scaffold at 7 days (Fig. 4G). 
Quantitative analysis further confirmed that ALP activity in the 
PLA/DFO@MHA scaffold was significantly higher than that in the other 
groups (Fig. 4H). Moreover, the PLA/MHA scaffold showed a higher 
level of ALP activity than the PLA scaffold on days 7 and 14. BMSCs 
maintained a higher level of ALP activity on the PLA/MHA and 
PLA/DFO@MHA scaffold, which was attributed to MHA. 

Bone mineralization caused by inorganic calcium deposition was 
deemed a late marker of osteogenic differentiation [3]. The alizarin red 
staining (ARS) result showed that BMSCs cultured on the PLA scaffold 
showed minimal calcium nodules, whereas the PLA/MHA and PLA/D-
FO@MHA scaffolds exhibited extensive areas of osteogenic minerali-
zation (Fig. 4I). Furthermore, the PLA/DFO@MHA scaffold 
demonstrated a higher formation of distinct mineralized granules 
compared to the other scaffolds, which were more intuitive under the 
microscopy. According to the quantitative analysis, the mineralization 
level of the PLA/MHA and PLA/DFO@MHA scaffolds was greatly 
enhanced compared to the PLA scaffold (Fig. 4J). Notably, the PLA/D-
FO@MHA scaffold possesses significantly superior osteoinductivity than 
the PLA/MHA scaffold on day 14. These findings indicate that MHA 
promotes the osteogenic differentiation of BMSCs, and the scaffold 

incorporating MHA and DFO exhibits greater osteoinductive potential. 
To further clarify the effect of scaffolds on the differentiation of 

BMSCs, the expression of related genes was assessed by RT-qPCR. The 
results revealed a significant up-regulation of osteogenic-related genes, 
including Type I collagen (COL I), runt-related transcription factor 2 
(Runx2), and osteopontin (OPN) in the PLA/DFO@MHA group 
compared to the PLA and PLA/MHA groups at 14 days (p < 0.01) 
(Fig. 4K-M). Meanwhile, the PLA/MHA group exhibited higher mRNA 
expression levels of COL I, Runx2, and OPN than the PLA group at 14 
days. These results demonstrated that the MHA and DFO enhance the 
ability of osteoinductive in vitro. Furthermore, BMSCs on the SF/ 
CTGF@PLCL scaffold showed the highest expression levels of ligament- 
related genes such as COL I, tenascin C (TNC), and scleraxis (SCX) 
among the three groups (Fig. 4N-P). Encapsulation of CTGF in the SF/ 
CTGF@PLCL scaffold resulted in an increase in the expression of the 
ligament-related gene. 

2.6. Angiogenesis of HUVECs on TIPS scaffolds in vitro 

The tube-formation assay was performed to evaluate the effect of 
DFO on the angiogenesis of human umbilical vein endothelial cells 
(HUVECs). The tubular network formation of HUVECs in the PLA/ 
DFO@MHA group was significantly increase than the PLA and PLA/ 
MHA groups (Fig. 5A). Although tube formations were observed in both 
the PLA and PLA/MHA groups, the structures appeared more delicate. 
The measurement results of the total length of tubules, number of 
junctions, number of meshes, and total mesh area per high power field 
showed that all parameters in the PLA/DFO@MHA group were higher 
than that in the other two groups (Fig. 5B–E). The results indicated that 
the scaffold loaded with DFO was more comprehensive promotion of 
vascular tubule formations, thus contributing to the angiogenesis of 
HUVECs. 

The effect of DFO on HIF-1α and VEGF expression was further 
studied by Western blot. Fig. 5F demonstrates that the expression of HIF- 
1α and VEGF in the PLA/DFO@MHA group was markedly higher 
compared to the PLA and PLA/MHA groups after 24 h of culture. The 
expression level of HIF-1α in the PLA/DFO@MHA group exhibited a 2.1- 
fold and 1.6-fold increase than the PLA and PLA/MHA groups, respec-
tively (Fig. 5G). Similarly, the HIF-1α downstream targeted gene VEGF, 
which plays essential roles in angiogenesis, was significantly upregu-
lated in the PLA/DFO@MHA group (Fig. 5H). In summary, the presence 
of DFO effectively activated the HIF-1α pathway and substantially 
enhanced VEGF expression in HUVECs, thus promoting the angiogenesis 
process in vitro. 

2.7. ACL reconstruction macroscopic observations 

The surgical procedure schematic diagram of ACL reconstructed 
using BLB scaffolds in rabbit models was shown in Fig. 6A and Fig. S2. 
Gross observations were conducted at 1, 3, and 6 months post-
operatively, as shown in Fig. 6B. The repaired ligament exhibited 
continuous integration with the bone in all rabbits at each time point. 
The connection between the ligament and the bone was enveloped by 
fibrous tissue, which demonstrated progressive improvement over time 
in all three groups. After one month, fibrous-like tissue was observed on 
the surface of the PMSP and PMDSPC groups, while a thin layer of sy-
novial tissue covered the ligament in the PS group and the scaffold 
remained distinguishable. After three months, red fibrous connective 
tissues were apparent in the PS and PMSP groups, indicating an exces-
sive inflammatory response and an inadequate remodeling process. 
Conversely, the ligament in the PMDSPC group was enveloped by white 
regenerated tissues. After 6 months, white glossy tissues resembling 
native ACL ligaments were observed in the PMDSPC group, indicating 
superior regeneration and remodeling compared to the PS and PMSP 
groups. 
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2.8. Histological analysis of the regenerated ligament 

Picrosirius Red staining was used to evaluate the regeneration and 
remodeling of collagen fibers [34]. As shown in Fig. 6C, the regenerated 
collagen fibers exhibited an increasing level of maturation over time and 
exhibit a crimp morphology, as evidenced by the birefringence of 
collagen. At three and six months post-surgery, the brightness of the 
PMDSPC group was significantly higher than that of the PS and PMSP 
groups, indicating the formation of a more mature and remodeled 
collagen matrix in the PMDSPC group, especially collagen type I. 
Moreover, hematoxylin and eosin (HE) staining showed inflammatory 
cell infiltration and foreign-body responses in all three groups at 1 
month (Fig. 6D). After three months, the scaffolds experienced partial 
degradation, and regenerative tissues gradually formed around them. 
Notably, a greater amount of new tissue was observed around the 
scaffold in both the PMSP and PMDSPC groups compared to the PS 
group, with some tissue even growing into the interspaces of the scaf-
fold. Both PMSP and PMDSPC groups displayed regenerated aligned 
fibrous tissue at 6 months, with the PMDSPC group demonstrating a 
higher degree of maturation and alignment. Remarkably, the PMDSPC 
group exhibited a structure reminiscent of native ligaments, character-
ized by well-organized bundles of highly crimped collagen fibers. 

Furthermore, immunofluorescence staining was employed to assess 

the remodeling of collagen. Over time, there was gradual improvement 
in the deposition of COL I (red bright area) among the three groups 
(Fig. 6E and Fig. S3A). The PMDSPC group showed a more organized 
collagen structure and a greater abundance of COL I matrix than the 
other groups. The regenerated COL I fibers in the PMDSPC group 
exhibited a crimp morphology, while the COL I in the PS group displayed 
a disordered arrangement with limited maturity. The expression of COL 
III was lower in the PS and PMSP groups upon CTGF delivery from the 
PMDSPC scaffold, indicating potential enhancement in the healing of 
ligamentization process (Fig. 6F and Fig. S3B). On balance, the results 
indicate that the ligament healing process has reached a stage charac-
terized by substantial collagen ECM formation and is continuing toward 
the remodeling process. 

2.9. Biomechanical tests 

As shown in Fig. 6G and H, the failure load of the PMDSPC group 
(59.3 ± 7.8 N) was significantly higher than that of the PS group (43.5 
± 3.4 N) and PMSP group (47.2 ± 4.8 N) at 3 months after surgery. At 6 
months, the failure load of the PMDSPC (89.0 ± 3.2 N) group and PMSP 
groups (67.3 ± 4.6 N) was significantly higher than that of the PS group 
(55.1 ± 3.8 N). The PMDSPC group had the highest failure load among 
the three groups. Meanwhile, the stiffness of the PMDSPC group (21.7 ±

Fig. 5. In vitro angiogenesis assay using HUVECs cultured with PLA, PLA/MHA, and PLA/DFO@MHA scaffolds. (A) The images of tubule networks formation in 
HUVEC after culturing with various samples on Matrigel for 6 h. Summarized data showing the difference of (B) total length, (C) the number of junctions, (D) the 
number of meshes, (E) total meshes area per high power field (HPF) in HUVECs. (F) Representative western-blot images showing the expression of HIF-1α and VEGF 
in HUVECs cultured with various groups for 24 h. Summarized data showing the difference in (G) HIF-1α and (H) VEGF expression based on the western-blot results. 
Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test, *p < 0.05, **p < 0.01. 
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Fig. 6. Histopathological and biomechanical analysis of the new formed tissue within the implanted BLB scaffolds. (A) Schematic diagram of BLB scaffolds used for 
ACL reconstruction surgery in rabbit models. (B) The macroscopic view of regenerated ACL in different groups at 1, 3, and 6 months postoperatively. (C) Picrosirius 
red, (D) HE, (E) COL I, and (F) COL III staining of the regenerated ligament in three groups at 1, 3, and 6 months postoperatively, the arrow indicates the implanted 
grafts. (G and H) The biomechanical analysis of regenerated ACL in each group at 1, 3, and 6 months postoperatively. The detection items are (G) ultimate failure 
load and (H) stiffness. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test, *p < 0.05, **p < 0.01. 
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1.8 N/mm for 3 months; 28.6 ± 2.9 N/mm for 6 months) was signifi-
cantly higher than that of PS (12.7 ± 2.1 N/mm for 3 months; 19.2 ±
2.3 N/mm for 6 months) and PMSP (14.6 ± 2.3 N/mm for 3 months; 
21.2 ± 3.5 N/mm for 6 months) groups at 3 and 6 months after surgery, 
respectively. 

2.10. Histopathological and Micro-CT analysis of bone tunnels 

The process of graft-bone integration guided by the BLB scaffold was 
performed using histological staining. HE staining revealed no severe 
inflammatory response or tissue necrosis in any of the groups (Fig. 7A). 
After one month, there was a clear interface gap between the bone tissue 
and the graft in all three groups. Over time, the interface width gradu-
ally decreased in each group, indicating the growth of new tissue into 
the scaffold. After 3 and 6 months, new bone formation was observed at 
the defect margins in the PS and PMSP groups. In contrast, a significant 
amount of newly formed bone was present at the margin of the defect 
and filled inside the PMDSPC scaffold. The Masson staining images are 
shown in Fig. 7B, the PMDSPC group had more new bone formation 
compared to the other groups, which was consistent with the HE 
staining results. In addition, dense collagen fibers appeared in the area 
around the PMDSPC scaffold, while only a small amount of loose 
collagen deposition in the PS and PMSP groups at 1 month. Importantly, 
the PMDSPC group showed a larger area of mature bones compared to 
the other groups. These findings suggest that the loading of MHA and 
DFO into the scaffolds may have a synergistic effect in promoting the 
maturation of regenerated bone, thereby facilitating the repair of bone 
tunnel defects. The effect of DFO released by the PMDSPC scaffold on 
angiogenesis was evaluated using immunofluorescence staining of 
α-smooth muscle actin (α-SMA) and HIF-1α (Fig. 7C). The quantitative 
analysis indicated that the expression of α-SMA (15.1%) and HIF-1α 
(18.2%) in the PMDSPC group was significantly higher than that in the 
PS and PMSP groups (Fig. 7D–E, p < 0.01). This indicated that the local 
release of DFO activates the HIF-1α pathway, resulting in the upregu-
lation of α-SMA protein expression during the bone repair process. 

The effects of different scaffolds on new bone tissue formation were 
observed in the femoral bone tunnels using two-dimensional and three- 
dimensional reconstructed micro-CT images (Fig. 7F and G). At an early 
stage (1 month), minimal new bone formation was observed within the 
bone tunnel (as circled in red) among all groups. Subsequently, new 
bone tissue gradually extended from the tunnel edge towards the inte-
rior. The new bone integration of the PMSP group was better than that of 
the PS group, but inferior to the PMDSPC group at 3 and 6 months. After 
6 months, the PMDSPC group showed the largest area of newly formed 
bone with a higher density, suggesting superior bone repair efficiency. 
Quantitative measurements of the bone tunnel are presented in Fig. 7H 
and I. At one month, there were no significant differences in the bone 
tunnel area and bone volume to total volume ratio (BV/TV) value among 
the three groups (p > 0.05). At 3 and 6 months, the average bone tunnel 
areas in the PMSP and PMDSPC groups were much lower than those of 
the PS group, with the PMDSPC group exhibiting the smallest area (p <
0.01). Besides, the BV/TV value of the PS group decreased continuously 
from the first (10.8 ± 1.2%) to the sixth month (5.6 ± 0.6%). 
Conversely, the BV/TV value in both the PMSP (10.9–15.4%) and 
PMDSPC (11.0–18.9%) groups gradually increased over time. These 
results demonstrate that the combination of MHA and DFO prominently 
enhances the osseointegration of the BLB scaffold. 

3. Discussion 

The ideal ligament tissue engineering scaffold should be able to 
restore the normal anchoring structure of the native ACL as much as 
possible to ensure joint function after reconstruction [11]. However, to 
date, no ligament scaffold can fully meet the requirements of ACL 
reconstruction, and the poor integration between the scaffold and bone 
continues to face challenges. Thus, this study aimed to research the 

potential of novel multiphasic BLB integrated scaffolds to enhance 
tendon-bone healing and achieve ACL reconstruction. The results 
demonstrate that the BLB scaffold loaded with CTGF and DFO achieves 
most favorable effect after ACL reconstruction among all the groups. 

Composite scaffolds are anticipated to serve as a promising clinical 
intervention for modulating the adverse microenvironment of bone 
defects and surmounting the hurdles encountered in bone regeneration. 
The amalgamation of synthetic organic polymers and inorganic minerals 
exploits the advantages of both materials, a crucial consideration given 
the intricate nature of the targeted repair sites. Numerous studies have 
demonstrated the efficacy of PLA scaffolds in promoting bone healing 
and regeneration both in vitro and in vivo [29,35]. However, challenges 
remain, such as its hydrophobicity hampers cell adhesion, and the acid 
degradation product lactic acid has been found to induce a mild aseptic 
inflammatory response in vivo [36]. HA, a native mineral compound is a 
well-established material for bone regeneration. Previous research has 
extensively employed HA as a filling material to prepare biocompatible 
matrices in orthopedic and mineralized implants [37]. Consequently, 
the incorporation of MHA into PLA scaffolds appears to be a reasonable 
approach [38]. Furthermore, several studies have demonstrated the 
promising results of DFO in promoting bone repair in animal fracture 
models. Steven et al. successfully showed the beneficial effects of locally 
delivering a low dose of DFO using bioresorbable bone substitutes [39]. 
Therefore, DFO serving as the active ingredient was chosen to enhance 
the vascularization and osteogenic properties of the scaffold. In a 
separate study, Drager, J. et al. injected DFO solution directly every 48 h 
after graft implantation, but repeated injections were necessary due to 
the short half-life of DFO being only 5.6 h [40]. The rapid drug meta-
bolism hindered the application of DFO in the treatment of 
large-segment bone defects. To solve the above problems, the 
DFO@MHA system with stable physical and chemical properties, as well 
as controllable drug release properties were constructed. In this drug 
delivery system, the complete release of DFO was over 160 h, and the 
sustained release process prolongs the duration of action for a better 
therapeutic effect. 

HA has been extensively studied for its outstanding biocompatibility 
and osteoinductivity, which are crucial for promoting bone growth 
during tendon-bone healing [41]. Several studies have reported that HA 
plays a pivotal role in the regulation of cell adhesion, migration, pro-
liferation, and differentiation, thereby contributing significantly to bone 
development, growth, and remodeling [42]. Jiang et al. evaluated the 
ability of the injectable HA/COL I paste to promote tendon-bone healing 
and their findings that the HA component in the paste could regulate the 
osteogenic expression and enhance the tendon-bone interface healing 
[41]. In our previous studies, we observed that scaffolds incorporated 
with HA not only promoted the proliferation of MC3T3-E1 cells but also 
stimulated the osteogenic differentiation of BMSCs [21]. In this work, 
we investigated the effect of a sustained release of a low dose of calcium 
ions on the osteogenic differentiation of BMSCs, which is crucial for the 
formation of a bony layer in osseointegration. In vitro study, the release 
of calcium ions from the PLA/MHA and PLA/DFO@MHA scaffolds 
significantly increased the ALP and ARS activity of BMSCs, indicating 
enhanced osteogenic differentiation (Fig. 4G–J). Furthermore, the 
expression of osteogenic differentiation markers, such as COL I, Runx2, 
and OPN, was upregulated by the incorporation of MHA (Fig. 4K-M). 
Overall, the incorporation of MHA into the PLA scaffold improved the 
biological activity of the grafts and promoted the production of the 
corresponding extracellular matrix. 

Vascularization is a critical factor for the achievement of bone 
regeneration owing to the strong correlation between osteogenesis and 
angiogenesis [43]. Osteogenesis and angiogenesis mutually support 
each other during bone remodeling. Neovascularization supplies nutri-
ents for bone remodeling, and certain osteogenic proteins also promote 
angiogenesis [44]. HIF-1α serves as the primary transcriptional regu-
lator in hypoxia induction and plays important roles in the coupling of 
angiogenesis and osteogenesis during bone remodeling and bone 
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Fig. 7. Histopathological and Micro-CT imaging analysis of bone tunnels in different groups after surgery. Representative images of (A) HE, and (B) Masson staining 
of the decalcificated bones slice after implantation of various scaffolds for 1, 3, and 6 months. Black arrows indicate the implanted grafts. (C) Representative 
immunofluorescence histochemical images of HIF-1α and α-SMA staining of the decalcificated bones slice after implantation of various scaffolds for 1 month. (D and 
E) Quantitative analysis of the positively stained areas using Image-Pro Plus software based on the immunofluorescence histochemical images of HIF-1α and α-SMA. 
(F) Micro-CT images of the cross-sections of the femoral bone tunnels and (G) three-dimensional reconstructed micro-CT images showing the effect of different 
scaffolds on the new bone tissue formation inside the defect site. The bone defect area was circled by a dotted line (red). (H and I) The average bone tunnel area, and 
BV/TV values were calculated using the CT-Analyzer software after 1, 3, and 6 months. Statistical analysis was performed by one-way ANOVA followed by Tukey’s 
multiple comparison test, *p < 0.05, **p < 0.01. 
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regeneration, thereby offering a novel concept for the development of 
bone repair biomaterials that are prone to early-stage vascularization in 
the bone repair process [45]. As a potent activator of HIF-1α, the release 
of DFO from the scaffold promotes angiogenesis by generating angio-
genic factors and stimulating the migration of HUVECs. Previous studies 
have demonstrated that DFO induces the upregulation of HIF-1α and its 
downstream effector VEGF in cells [46]. In our in vitro investigation, we 
observed that DFO treatment led to a significant increase in the protein 
expression levels of both HIF-1α and VEGF in HUVECs (Fig. 5). Subse-
quently, in vivo study, the PMDSPC scaffold exhibited the potential to 
promote angiogenesis, as evidenced by the immunofluorescence stain-
ing for HIF-1α and α-SMA in the regenerated bone tissue at the 
one-month postoperative stage (Fig. 7C–E). Furthermore, neo-
vascularization was also present in the PMSP group, which can be 
attributed to the release of calcium ions by the MHA during hydration 
and hydrolysis, then recruits VEGF to improve angiogenesis and bone 
calcification [47]. For the PMDSPC group, DFO and calcium ions were 
released simultaneously and sustainably from the scaffold, resulting in a 
sustained synergistic effect during the bone regeneration process 
(Fig. 7F–I). The synergistic action of the dual delivery system, involving 
DFO and calcium ions from the PMDSPC scaffold, elucidates the un-
derlying mechanism responsible for the enhanced bone regeneration 
observed in our study. 

CTGF has been demonstrated to enhance the regeneration of liga-
ment by inducing differentiation of both exogenous and endogenous 
stem cells into ligament fibroblasts [48]. In this study, we used emulsion 
electrospinning to load CTGF onto nanofiber yarns, creating a sustained 
delivery system. We further investigated the impact of CTGF on the 
differentiation of BMSCs and its role in ligament healing. Through the 
upregulation of COL I, TNC, and SCX, which are markers associated with 
ligament formation, CTGF successfully induced the differentiation of 
BMSCs into ligament fibroblasts. However, the specific molecular 
mechanisms underlying this process remain poorly understood. Li et al. 
discovered that CTGF induces tenogenic differentiation of 
adipose-derived stem cells via the FAK and ERK1/2 signaling pathways 
[48]. Additionally, Cong et al. reported that the AKT-mTOR signaling 
pathway is activated during tenogenesis in BMSCs [49]. These findings 
provide new insights into the cellular and molecular mechanisms 
involved in ligament differentiation. Our in vivo data demonstrated that 
CTGF regulates COL I expression and native-like collagen fibers orien-
tation and composition for ACL repair in rabbits (Fig. 6B–F). The de-
livery of CTGF along the PMDSPC scaffold track may accelerate and 
guide the ligament repair processes. Interestingly, a new role of CTGF 
was suggested in modulating macrophage polarization, which likely 
plays important role in ligament healing. Previous research has shown 
that CTGF attenuates tendon inflammation, resulting in decreased IL-1β 
and IL-6 expression and inflammatory cell infiltration during flexor 
tendon healing [50]. Consistent with previous findings, our in vitro and 
in vivo results provide support for the notion that CTGF has the potential 
to decrease ligament inflammation (Fig. S4) and promote ligament 
healing. 

While the BLB scaffold holds great promise for ACL reconstruction, 
our current study has identified several limitations. The exact mecha-
nism through which CTGF induces proliferation and differentiation of 
BMSCs remains poorly understood. Further studies will aim to gain a 
more comprehensive understanding of the key signaling pathways 
involved in CTGF regulation of stem cell function. In addition, it is worth 
noting that our animal experiment utilized New Zealand white rabbits as 
subjects, which are small animals, and the observation period was 
relatively short. The mechanical characteristics and lower extremity 
alignment of quadrupedal animals differ from those of the bipedal 
human knee. Despite the excellent outcomes in the rabbit model, ex-
periments using large animal models should be performed to extrapolate 
the results to humans. Therefore, the utilization of a large animal model 
(such as beagle or pig) and long-term observations are imperative to 
validate the properties of the BLB. 

4. Conclusions 

In summary, the multiphasic BLB integrated scaffolds were devel-
oped using a combination of electrospinning, textile, and TIPS pro-
cessing techniques. The BLB scaffolds exhibited a three-phase structures 
and excellent mechanical properties, resembling the biomimetic nature 
of native ACL tissues. In vitro study revealed that the incorporation of 
CTGF into the nanofibrous braided scaffolds significantly enhanced the 
expression of ligament-related genes in BMSCs, and promoted cell pro-
liferation and migration. Furthermore, the PMDSPC scaffold facilitated 
osteogenic differentiation of BMSCs and promoted the migration and 
tubular formation of HUVECs, with the involvement of the HIF-1α 
signaling pathway. Moreover, in a rabbit model of ACL reconstruction, 
the BLB scaffolds demonstrated remarkable efficacy in promoting liga-
ment and bone tissue regeneration, enhancing graft-bone integration, 
and accelerating the ligamentization and graft-bone integration pro-
cesses. Particularly, the PMDSPC scaffold induced the formation of lig-
ament tissue and facilitated extensive new bone tissue ingrowth into the 
interface, resulting in the superior biomechanical properties observed at 
6 months compared to the other two groups. Therefore, the BLB scaffold 
exhibits great potential for application and may serve as an alternative 
to conventional techniques for ACL reconstruction in the future. 

5. Experimental section 

Materials: Calcium chloride (CaCl2, ≥96%), disodium hydrogen 
phosphate (Na₂HPO₄, ≥99%), sodium hydroxide (NaOH, ≥96%), and 
dioxane (C4H8O2) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. PLCL, a copolymer of PLCL with L-lactide to the ε-caprolactone 
ratio of 75 to 25, from Gunze Medical Devices Limited, Japan. L- PLA 
was obtained from Jinan Daigang Biomaterial Co., Ltd (Shandong, 
China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from 
Shanghai Darui Finechemical CO. Ltd. CTAB and span-80 was purchased 
from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). DFO 
and Matrigel medium were purchased from Sigma-Aldrich (Shanghai, 
China). CTGF was purchased from PeproTech (USA). The regenerated SF 
was prepared as previously reported. 

Synthesis and Drug Loading of MHA: MHA powders were synthesized 
by a hydrothermal method as previously reported [51]. The detailed 
methods are provided in Supplementary Information. 

Fabrication of nanofiber yarns and braided scaffold: The electro-
spinning emulsion solution was configured as the method previously 
reported by our group [52]. The nanofiber yarn with a core-shell 
structure was prepared by a commercial electrospinning apparatus 
(Fig. 1B), and refer to our previous reports for specific preparation 
methods [21]. The detailed methods are provided in Supplementary 
Information. Subsequently, the SF, SF/PLCL, and SF/CTGF@PLCL yarns 
were weaved manually to produce SF, SF/PLCL, and SF/CTGF@PLCL 
fabrics as ligament scaffolds. Briefly, ten yarns were combined into a 
single strand and then intertwined into a scaffold similar to a “braids” 
structure. 

Fabrication of BLB integrated scaffold: PLA was dissolved in dioxane at 
60 ◦C to make a PLA solution of 8% (wt/v), then MHA or DFO@MHA 
(10% of PLA mass) was added to the PLA solution, and sonicated for 15 
min to obtain a homogeneous solution of PLA/MHA or PLA/ 
DFO@MHA. The BLB integrated scaffolds were fabricated by TIPS. 
Briefly, both ends of the SF braided scaffold were placed inside cylin-
drical molds, and then the PLA solution was cast into the mold. The 
whole system was kept at − 20 ◦C for 1 h and then maintained at − 80 ◦C 
for 48 h. When the PLA was completely frozen, the whole system was 
lyophilized to obtain the PS scaffolds. The PMSP and PMDSPC scaffolds 
were fabricated by the same method. Besides, separate SF, SF/PLCL, SF/ 
CTGF@PLCL, PLA, PLA/MHA, and PLA/DFO@MHA scaffolds were 
fabricated for subsequent experimental study. 

Characterization: Characterization of MHA and BLB integrated scaf-
fold including surface and inner morphological, chemical structure, 
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thermal gravimetric analysis, surface hydrophilicity, nitrogen adsorp-
tion/desorption isotherms, and tensile test were performed. The release 
behavior of Ca2+, DFO, and CTGF were determined and more details in 
the Supporting Information. 

Cell viability and tube formation assay of HUVECs: BMSCs were ob-
tained from the bone marrow of SD rats according to the previous study 
[53]. The detailed methods are given in Supplementary Information. 

In vitro mineralization: The ALP and ARS activities were performed 
and more details in the Supporting Information. 

Gene and Protein expression analysis: The primer sequences are listed 
in Table S1. More details in the Supporting Information. 

ACL reconstruction animal model: Animal experiments procedures 
were approved by the Animal Research Committee of Shanghai Jiao 
Tong University Animal Science Department (NO.2018-0006). Sixty- 
three New Zealand white male rabbits (weight from 3.0 to 3.5 kg) 
were randomized into the three groups with 21 rabbits in each group for 
3-time points. BLB scaffolds that fit the size of the ACL of the rabbit knee 
joint were customized. Under aseptic conditions, the ACL reconstruction 
procedure was performed according to our previous study [54]. Briefly, 
anesthesia was induced by intramuscular injection of 0.8 mL of xylazine 
hydrochloride and 0.8 mL of diazepam. The native ACL was exposed via 
a medial parapatellar approach and was excised. Tibial and femoral 
tunnels with a diameter of 2.5 mm were drilled along with the original 
ACL footprint. Subsequently, the BLB scaffold was pulled into the tibial 
tunnel and passed through the femoral tunnel using a PDS-II suture 
(Ethicon, Puerto Rico, USA). Both ends of the scaffold were sutured with 
the adjacent periosteum and soft tissue, and the wound was closed layer 
by layer. The animals were returned to the cages for free activities and 
followed by an injection of penicillin with 100,000 U/kg for 3 days after 
surgery. The rabbits were sacrificed at 1, 3, and 6 months post-
operatively, and the regenerative tissue samples were harvested for 
further evaluation. 

Histological and immunofluorescence assessment: The regenerative tis-
sues were examined by HE staining, Masson staining, and immunoflu-
orescence staining analysis. More details in the Supporting Information. 

Micro-CT analysis: At 1, 3, and 6 months after surgery, the femur 
specimens were scanned at a spatial resolution of 35 μm (1 mm 
aluminum filter, 65 KV, 380 μA) using a Skyscan 1176 micro-CT imaging 
system (Bruker, Kontich, Belgium) to analyze the graft osseointegration 
process in the bone tunnel. After that, the BV/TV value was calculated 
using the CT-Analyzer software (DataViewer, CTvol, and CTAn). 

Biomechanical test: After sacrifice, the femur-graft-tibia complex was 
harvested from each knee joint and immobilized firmly in clamps of the 
mechanical testing instrument (Instron 5966, USA). A preload of 1 N 
followed by a load displacement rate of 5 mm min− 1 was applied to the 
specimen until rupture or the graft was pulled out from the bone tunnel. 
The failure load was recorded from the load-displacement curve, and the 
stiffness was calculated from the slope of the linear region of the curve. 

Statistical analysis: Data were expressed as mean ± standard devia-
tion (SD). Statistical analyses were performed using Origin 9.1 software. 
One-way analysis of variance (ANOVA) followed by Tukey’s post hoc 
test was used to determine the statistical significance unless specified 
otherwise. The significant difference was considered at *p < 0.05 and 
**p < 0.01. 
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