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A B S T R A C T   

Background: Anterior cruciate ligament (ACL) rupture is a common sports injury, which causes knee instability 
and abnormal joint kinematics. The current ACL graft was single-phasic, and not convenient for the formation of 
enthesis-like tissue in the bone tunnel, resulting in poor integration of graft-to-bone. 
Methods: A band-shaped acellular tendon (BAT) was prepared as the core component of the ACL reconstruction 
graft at first, while sleeve-shaped acellular cartilage (SAC) or sleeve-shaped acellular bone (SAB) was fabricated 
using a vacuum aspiration system (VAS)-based decellularization protocol. The biocompatibility of the three 
acellular matrixes was evaluated. Furthermore, a collagen-binding peptide (CBP) derived from the A3 domain of 
von Willebrand factor was respectively fused into the N-terminal of GDF7, TGFβ3, or BMP2 to synthesize three 
recombinant growth factors capable of binding collagen (named C-GDF7, C-TGFβ3, or C-BMP2), which were 
respectively tethered to the BAT, SAC or SAB for improving their inducibilities in stem cell differentiation. An in- 
vitro experiment was performed to evaluate theirs osteogenic, chondrogenic, and tenogenic inducibilities. Then, 
C-TGFβ3-tethering SAC (C-TGFβ3@SAC) and C-BMP2-tethering SAB (C-BMP2@SAB) were sequentially sur-
rounded at the bone tunnel part of C-GDF7-tethering BAT (C-GDF7@BAT), thus a sleeve-shaped acellular graft 
with a triphasic enthesis-like structure in bone tunnel part (named tissue-engineered graft, TE graft) was engi-
neered. Lastly, a canine ACL reconstruction model was used to evaluate the in-vivo performance of this TE graft 
in enhancing graft-to-bone integration. 
Results: The BAT, SAC, and SAB well preserved the structure and components of native tendon, cartilage, and 
bone, showing good biocompatibility. C-GDF7, C-TGFβ3, or C-BMP2 showed a stronger binding ability to BAT, 
SAC, and SAB. The C-GDF7@BAT, C-TGFβ3@SAC, or C-BMP2@SAB was a controlled delivery system for the 
scaffold-specific release of GDF7, TGFβ3, and BMP2, thus showing superior tenogenic, chondrogenic, or osteo-
genic inducibility, respectively. Using a canine ACL reconstruction model, abundant newly-formed bone and 
connective collagen fibers could be observed at the integration site between TE graft and bone tunnel at post-
operative 16 weeks. Meanwhile, the failure load of the reconstructed ACL by TE graft was significantly higher 
than that of the autograft. 
Conclusion: The TE graft could be used to reconstruct ruptured ACL and augment graft-to-bone integration, thus 
demonstrating high potential for clinical translation in ACL reconstruction. 
Translational potential of this article: The findings of the study indicated that the TE graft could be a novel graft for 
ACL reconstruction with the ability to augment graft-to-bone integration, which may provide a foundation for 
future clinical application.   
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1. Introduction 

Anterior cruciate ligament (ACL) rupture can cause abnormal me-
chanical alterations around the knee joint that result in chronic degen-
erative joint change [1–3]. So far, it remains a clinical difficulty in the 
field of sports medicine due to the limited ability of self-repair [4]. 
Although autografts are still the most commonly used graft material for 
ACL reconstruction [5], some patients require additional revision sur-
gery under the circumstances of reconstructed ACL reinjury, which 
mainly resulted from poor integration of graft ACL-to-bone tunnel and 
bone tunnel enlargement [6–8]. Ideally, the grafted ACL should be in-
tegrated into the bone tunnel by peri-graft enthesis-like tissues, con-
taining triphasic ligament-fibrocartilage-bone structure [9–12]. To 
decrease revision surgery after ACL reconstruction, a novel ACL recon-
struction graft should be designed. 

In recent years, tissue engineering has brought a glimmer of light for 
preparing ACL reconstruction grafts, utilizing a combination of scaffold 
materials, bioactive molecules, and/or seed cells [13]. Among the three 
components of tissue engineering, the scaffold material is critical and 
fundamental [13]. Recent studies indicated that acellular extracellular 
matrix (AEM) derived from specific tissues can provide a suitable 
microenvironment for cell adhesion, proliferation, and differentiation 
[14]. Additionally, AEM, showing low immunogenicity, high biocom-
patibility, and good biodegradability, well reserves topological struc-
ture, main ingredients, and biomechanical properties of the original 
tissue, thus opening new avenues for engineering ACL reconstruction 
graft [15–20]. However, the AEM-based ACL reconstruction graft 
showed limited potential in stimulating enthesis-like structure forma-
tion in bone tunnel [21]. To solve these problems, ACL reconstruction 
graft with an enthesis-like structure was designed for the enhancement 
of reconstructed graft-to-bone integration [9,22–24]. In this study, 
band-shaped acellular tendon (BAT) was prepared as the ligamentous 
component of ACL reconstruction graft, and sleeve-shaped acellular 
cartilage (SAC) or sleeve-shaped acellular bone (SAB) was prepared with 
a matchable size, convenient for sequentially inserting into the bone 
tunnel part of the BAT to construct a sleeve triphasic acellular graft 
(STAG), which shows a triphasic structure to native enthesis in the bone 
tunnel part. 

Apart from scaffold material, adding growth factors (GFs) and/or 
loading stem cells are the two main methods for improving its bioac-
tivity and function. Although the acellular scaffold provides structural 
support for cell attachment and differentiation [25,26], the capability of 
inducing anchored stem cells differentiating into special lineages is not 
powerful. Previously, stem cells have been loaded within the acellular 
tendon to reconstruct ACL with variable success [27]. However, only a 
small number of loaded cells are ultimately involved in the formation of 
enthesis-like tissue between the grafted ACL and bone tunnel. Further-
more, their inherent properties of tumorigenicity, immunogenicity, and 
heterogeneity limit this type of graft for clinical application [28]. To 
resolve these problems, the development of a cell-free graft with GFs 
modification may be a promising approach to improve STAG bio-
activities. Considering that bone morphogenetic protein 2 (BMP2), 
transforming growth factor β3 (TGFβ3), and growth differentiation 
factor 7 (GDF7) respectively showed superior capability in facilitating 
mesenchymal stem cells (MSCs) to the osteogenic, chondrogenic, or 
tenogenic lineage, they were applied to modify the STAG to improve its 
ability in the formation of enthesis-like tissue between the grafted ACL 
and bone tunnel [29–31]. Generally, the common strategy for GFs 
loading to acellular scaffolds is direct protein incorporation. However, 
these incorporated GFs released too rapidly, inducing the surrounding 
environment of the scaffold in a state of high GFs at the early phase, thus 
delivering some undesirable side-effects [32,33]. To solve this problem, 
chemical cross-linking was applied to retain GFs on the scaffold, but 
which would influence the original structure of the scaffold [34]. 
Another attractive strategy is the encapsulation of GFs into microspheres 
or nanoparticles that can be incorporated into the scaffold during the 

production phase. The use of such particles enables synchronization of 
release kinetics with material carrier degradation rate, allowing for 
extended and/or sequential GFs release [35]. However, this approach is 
not suitable for natural biomaterials like acellular matrix. Enlightened 
by the process of von Willebrand factor (vWF) (a hemostasis factor) 
binding to the collagen beneath the endothelial cells during ruptured 
vessel hemostasis [36,37], the A3 domain from vWF, also called a 
collagen-binding peptide (CBP), was respectively fused into the N-ter-
minus of BMP2, TGFβ3, or GDF7 to synthesize three recombinant GFs 
(CBP-GFs) capable of binding collagen, namely CBP-fused BMP2 
(C-BMP2), CBP-fused TGFβ3 (C-TGFβ3), and CBP-fused GDF7 (C-GDF7). 
As collagen is the main component of SAB, SAC, or BAT, they were 
modified by C-BMP2, C-TGFβ3, or C-GDF7 respectively to improve their 
stem cell differentiation inducibility and realize controlled release of 
GFs. 

Herein, we developed a functional acellular triphasic graft with two 
enthesis-like structures in the bone tunnel parts (named tissue- 
engineered graft, TE graft) by sequentially surrounding the bone tun-
nel part of C-GDF7-tethering BAT (C-GDF7@BAT) with C-TGFβ3-teth-
ering SAC (C-TGFβ3@SAC) and C-BMP2-tethering SAB (C-BMP2@SAB) 
(Fig. 1). The hypothesis of this study is that the TE graft could be applied 
to reconstruct a ruptured ACL and enhance the formation of peri-graft 
enthesis-like tissue in situ, thus making the grafted ACL firmly inte-
grate into the bone tunnel. The TE graft may have a high potential for 
clinical translation in ACL reconstruction. 

2. Materials and methods 

All the animal tests were approved by the Animal Ethics Committee 
of Xiangya Hospital, Central South University (No. 202003059), and in 
accordance with guidelines for reporting in vivo experiments in animal 
studies. 

2.1. Fabrication of SAB, SAC, and BAT 

Native bone, cartilage, and tendon tissue were dissected from dog 
lumbar vertebra, costal cartilage, and Achilles tendon, respectively, in a 
local abattoir. Then, bone and cartilage tissues were trimmed into sleeve 
shapes using annular cutters (Fig. S1). The length of sleeve-shaped native 
bone (SNB) or the sleeve-shaped native cartilage (SNC) was 20 mm, equal 
to the length of the bone tunnel. Meanwhile, the thickness of the sleeve 
tube wall was 0.5 mm. Native tendon tissue was cut into band shape with 
a size of 3.5 mm in diameter. After that, the VAS-based decellularization 
method was applied for decellularizing sleeve-shaped cartilage and bone 
as previously described [38]. Briefly, the sleeve-shaped tissues were 
treated with 5 freeze–thaw cycles (one cycle: freezing for 2 min in liquid 
nitrogen followed by thawing for 10 min in 37 ◦C PBS). Then, the speci-
mens were rinsed with PBS for 1.5 h. After digested with nuclease solution 
(100 μg/mL RNase and 150 IU/mL DNase) at 37 ◦C for 2 h, the 
sleeve-shaped tissues were rinsed in a self-built VAS (0.1 mPa negative 
pressure) for 1 h by PBS flowing. After being processed by nuclease 
digestion and VAS-based PBS flowing for three cycles, the sleeve-shaped 
tissues were freeze-dried in a lyophilizer (FD8-5T, SIM, USA). As for 
preparing BAT, band-shaped native tendon (BNT) was decellularized 
using a protocol reported in our previous study [39]. During decellulari-
zation, 1 % penicillin-streptomycin-amphotericin B was added to the 
above-mentioned solutions. 

2.3. Preparation of sleeve triphasic acellular graft (STAG) 

STAG was made up of two SABs, two SACs, and one BAT, which was 
constructed by sequentially inserting SAC and SAB into the bone tunnel 
part of the BAT using forceps (Fig. S2). 
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2.4. Histological analysis of STAG 

STAG was fixed in 4 % (v/v) paraformaldehyde solution, embedded 
in paraffin, and sectioned into 5 μm slices, then stained with hematox-
ylin and eosin (H&E) staining to observe general structure. 4,6-diami-
dino-2-phenylindole (DAPI) was used to verify the retention of nuclear 
materials. Immunohistochemical staining (type I and type II collagen) 
was used to observe the collagen in the STAG. Safranin O & fast green 
(SO/FG) was used to observe the proteoglycans (PGs) in the STAG. 

2.5. Quantification of collagen and proteoglycans (PGs) in STAG 

Synchrotron radiation Fourier transform infrared spectroscopy (SR- 
FTIR) was used to assess the content and distribution of collagen and PGs 
according to the previous protocol [40,41]. Specifically, 
paraffin-embedded STAG was placed onto BaF2 substrate, and then was 
dried at 40 ◦C overnight under vacuum before dewaxing. The peak areas 
of amide I (1720-1590 cm-1) and carbohydrate (1140-985 cm-1) in the 
infrared spectrum were respectively calculated to characterize the dis-
tribution and content of collagen and PGs. The mappings were collected 
by OMNIC 9 software (Thermo Fisher Scientific) and six points of each 
sample were selected randomly for semi-quantitative analysis. 

2.6. Scanning electron microscope of STAG 

STAG was fixed in 2.5 % glutaraldehyde overnight at 4 ◦C. After 
rinsing in PBS, these samples were immersed with 1 % OsO4 for 2 h and 
then dehydrated in graded ethanol. The sagittal sections of lyophilized 
samples were sputter coated with gold and their microarchitectures 
were imaged using scanning electron microscopy (SEM) (Mira3 LMH, 
Tescan, Czech Republic). 

2.7. Collagen binding assay of CBP-GFs in-vitro 

In this study, the protocols used for acquiring C-BMP2 or BMP2, C- 
TGFβ3 or TGFβ3, C-GDF7 or GDF7 were reported in previous literature 
[42]. The binding assays were carried out by a modified ELISA method 
according to the previous literature [43,44] Briefly, the SAB, SAC, and 
BAT were respectively immersed in an equal molar amount of C-BMP2 
or BMP2, C-TGFβ3 or TGFβ3, C-GDF7 or GDF7 solution with gradient 
concentration (0, 2, 4, 6, 8, 10, 12 μM). After incubation for 12 h at 4 ◦C, 
the SAB, SAC, and BAT were rinsed in PBS softly to clear free GFs. Then, 
the anti-6His tag antibody (1:1000, Sigma) as the primary antibody was 
incubated with the SAB, SAC, and BAT for 1 h at 37 ◦C. After softly 
washing, AP-conjugated anti-mouse IgG antibody (1:10,000, Sigma) was 
incubated for 1 h at 37 ◦C. After softly washing, P-NPP disodium (2 
mg/mL) was added for 10 min at room temperature, the reaction was 
terminated by adding an equal volume of 0.2M NaOH. The binding 
curves were drawn based on the absorbance measured with a microplate 
reader at 405 nm. 

2.8. GFs releasing dynamics in-vitro 

The SAB, SAC, and BAT were respectively immersed into 8 μM BMP2 
or C-BMP2, 6 μM TGFβ3 or C-TGFβ3, 8 μM GDF7 or C-GDF7. After 
incubating at 4 ◦C for 12 h in a 12-well culture plate, 1 mL of PBS (pH =
7.4) was added to each well and then the plate was placed on a hori-
zontal shaker with a speed of 80 rpm at 37 ◦C to simulate the flow of 
body fluid. PBS was replaced every 24 h, and the residual BMP2 or C- 
BMP2, TGFβ3 or C-TGFβ3, GDF7 or C-GDF7 in scaffolds were measured 
from day 0 to day 10 using the modified ELISA method of previous 
literature [42]. 

Figure 1. Schematic illustration of fabricating the TE graft for ACL reconstruction. Bone, cartilage, or tendon tissue was dissected from dog lumbar vertebra, costal 
cartilage, and Achilles tendon, and trimmed into sleeve shape or band shape, respectively. After decellularization, sleeve-shaped acellular bone (SAB), sleeve-shaped 
acellular cartilage (SAC), and band-shaped acellular tendon (BAT) were acquired. To improve their osteogenic, chondrogenic, and tenogenic inducibilities, three 
recombinant growth factors (C-BMP2, C-TGFβ3, or C-GDF7) capable of binding collagen were synthesized to tether into the collagen fibers of SAB, SAC, or BAT to 
improve their stem cell differentiation inducibility and realize controlled release of growth factors. Then, a TE graft with a triphasic enthesis-like structure in the bone 
tunnel was fabricated by sequentially surrounding the bone tunnel part of C-GDF7-tethering BAT (C-GDF7@BAT) with C-TGFβ3-tethering SAC (C-TGFβ3@SAC) and 
C-BMP2-tethering SAB (C-BMP2@SAB). The in vivo performance of this TE graft was determined in a canine ACL reconstruction model. 
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2.9. Human BMSCs isolation and identification 

Human BMSCs (hBMSCs) were isolated from the bone marrow of 
patients with tibial fractures. In brief, approximately 3 mL of bone 
marrow was extruded from the tibia, and mixed with 1 mL of heparin in 
aseptic conditions. Then the mixture was added to 5 mL of DMEM/F12 
(Gibco, Rockville, MD) medium containing 10 % fetal bovine serum 
(Gibco) and 1 % penicillin/streptomycin (Sigma–Aldrich, St. Louis, MO) 
immediately at 37 ◦C in a humidified 5 % CO2 atmosphere. hBMSCs 
identification was confirmed by flow cytometry analysis using anti-
bodies against CD11b, CD29, CD34, CD44, CD45, and CD105. In-vitro 
osteogenic, chondrogenic, or adipogenic differentiation was also 
applied to identify hBMSCs. Passage 3 cells were used for further 
experiments. 

2.10. Cell adhesion, viability, and proliferation 

BAT, SAC, and SAB were processed into sterile state for the following 
in-vitro experiments. The cell adhesion of scaffolds was observed by 
SEM. After hBMSCs were co-cultured with the three scaffolds for 3 days, 
the scaffolds were washed by PBS to remove the unattached cells, and 
observed using SEM. In addition, Calcein-AM/PI double stain kit 
(40747ES76, Yeasen, Shanghai, China) was used to evaluate the cell 
viability of the scaffolds. The proliferation activity of the co-culture 
BMSCs in the scaffolds was detected by CCK-8 Kit (7seabiotech, 
China) according to the instructions at 1, 4, 7, 10, and 14 days. Then, the 
absorbance at 450 nm was measured by a Microplate Reader (Thermo 
Scientific) to draw their proliferation curves. 

2.11. Stem cell differentiation inducibilities of C-GDF7@BAT, C- 
TGFβ3@SAC, and C-BMP2@SAB 

The hBMSCs were seeded on the BAT, SAF, SAB, C-GDF7@BAT, C- 
TGFβ3@SAC, and C-BMP2@SAB. After 3-day culture, qRT-PCR was 
performed to evaluate the expression of osteogenic (Runx2), chondro-
genic (Sox9), and tenogenic (Scx) genes in BMSCs. The primer sequences 
for these genes are listed in Table S1. The housekeeping gene (GAPDH) 
was used for normalization. After 14 days’ culture, the cells/scaffold 
complex was fixed in 4 % (v/v) paraformaldehyde solution for 30 min. 
The procedure of immunofluorescence staining was performed as pre-
viously described [45]. Photos were taken using a Fluorescent Micro-
scope (ApoTome 2, Carl Zeiss, Germany). The percentage of positive 
cells on the scaffolds was analyzed for quantitative evaluation. 

2.12. Construction of the functional acellular ACL reconstruction graft 
with triphasic enthesis-like structures in bone tunnel parts (named TE 
graft) 

The TE graft was fabricated as depicted in Fig. 1. The bone tunnel 
part of the C-GDF7@BAT was sequentially surrounded with C- 
TGFβ3@SAC and C-BMP2@SAB. After fabrication, the TE graft was 
immersed in the pre-warmed media for in-vivo study. 

2.13. Surgical procedure of canine ACL repair model 

Male mature beagle dogs from Central South University (weight, 
10.5 ± 1.2 kg), were randomly dislocated for ACL reconstruction with 
hamstring autograft (named AT, n = 16) or with TE graft (named TE, n 
= 16). The surgical procedures of the canine ACL repair model and 
postoperative treatment were performed as previous description [46]. 
Briefly, after general anesthesia with 3 % (w/v) pentobarbital sodium 
intravenous injection, the right knee joint was shaved and properly 
disinfected with aseptic techniques on the operating table. A medial 
incision was made to expose the ACL, which was then transected with a 
scalpel, while the remnant was reserved. After the bone tunnels in the 
tibia and fibula were drilled, the hamstring autograft or the TE graft was 

pulled through the tibial and femoral tunnels, respectively. Then, two 
suture anchors (AR-1324 B F, Arthrex, Naples, Germany) were respec-
tively implanted into the outer aspect of the tibial and femoral tunnels. 
Two ends of the ACL reconstruction graft were in-braided sutured and 
fixed with the two implanted suture anchors with tension. After washing 
the surgical incision with 0.9 % saline, the incision was closed layer by 
layer. All dogs were allowed free cage activity with cast immobilization 
to further protect the operative limb from weight-bearing and separation 
of the junction reattachment. A 7-day painkiller (Tramadol; Grunenthal 
GmbH) was given after the operation (P.O, q8h, 50 mg). Amoxicillin and 
clavulanate potassium tablets (Zhuhai United Laboratories Co. Ltd, 
China) were given as a prophylactic antibiotic for 5 days (P.O, q12h, 
475 mg). At postoperative 4 weeks and 16 weeks, all dogs (n =
16/group) were sacrificed by an intravenous injection of overdose 
pentobarbital sodium, and the tibia-graft-femur specimens were har-
vested for the following experiments. 

2.14. Micro-CT analysis 

Considering that the distal femur of the dog contains more trabecular 
bone compared to the proximal tibia, only the specimens from the distal 
femur were selected for the following micro-CT and histological anal-
ysis. After the distal femurs were fixed in 4 % paraformaldehyde, they 
were assessed with a micro-CT system (410 Versa, ZEISS, Solms, Ger-
many), which was operated on X-ray parameters with a voltage of 80 kV, 
a current of 125 μA, and a high resolution of 20 μm isotropic voxel 
resolution. 3-dimensional reconstruction was performed using Amira 
software (v6.0.1, Thermofisher, USA). The bone volume/total volume 
(BV/TV), trabecular thickness (Tb. Th), and trabecular number (Tb. N) 
in the standard circular region of the ACL reconstructions were calcu-
lated from the 3D reconstructed images using CT Analyzer (v1.11, 
Bruker Corporation, Germany). 

2.15. Histological assessment 

After Micro-CT evaluation, the distal femurs were decalcified with 
10%EDTA, then they were embedded in paraffin and cut into 5 μm 
sections through the long axis of the ACL. Sections were then stained 
with H&E, SO/FG (safranin/fast green), and MT (Masson trichrome). 
The newly formed tissues between the grafted ACL and femoral tunnel 
were semi-quantitatively analyzed by two blinded observers (Q.S and Y. 
C) using a histological score system (Table 1) [47]. 

2.16. Biomechanical analysis 

The tibia-graft-femur specimens were vertically fixed in the me-
chanical testing instrument (MTS insight, MTS Systems Corp, USA). 
After preloading with 1 N, the specimen was loaded to failure at a rate of 
20 mm/min. Failure load (N) was obtained from the recorded 

Table 1 
Histological scoring system for the tissues between grafted ACL and femoral 
tunnel.  

Characteristics Points 

Peri-graft bone formation  
Massive 2 
Present 1 
No 0 
Fibrocartilaginous tissue formation  
Massive 2 
Present 1 
No 0 
Collagen fibers reconnection  
Direct collagen fiber reconnection 2 
Indirect reconnection through fibrous tissue 1 
No 0 

NOTE. A perfect score would be 6 points. 
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load–displacement curve, and stiffness (N/mm) was calculated from the 
linear portion of this curve. During testing, 0.9 % saline was applied to 
avoid dehydration of the specimens. 

2.17. Statistical analysis 

Statistical analyses were performed using SPSS 25.0 software (SPSS, 
USA). All quantitative data were expressed as mean ± standard devia-
tion (SD). For the in-vitro experiments, we repeated it at least three 
times. The unpaired t-test was used for the comparison between the two 
groups, while one-way ANOVA with Bonferroni’s post hoc test was used 
for the comparison of the two groups. As for in-vivo experiments, un-
paired two-tailed Student’s t-test was used to determine statistical sig-
nificance between the two groups, while the histological scores were 
performed using the Mann–Whitney test. P < 0.05 was considered sta-
tistically significant. 

3. Results 

3.1. Characteristics of sleeve triphasic acellular graft (STAG) 

As shown in Fig. 2A, the STAG was composed of one BAT, two SAC, 
and two SAB. SAC and SAB were sequentially inserted into the two ends 
of BAT as the schematic illustration. As shown in Fig. 2B, H&E-stained 
sections showed that the bone tunnel part of STAG contains a triphasic 
enthesis-like structure without no cellular components. SO&FG-stained 
sections showed that the SAC was positive for red staining, indicating 
that the SAC well reserved the PGs in the extracellular matrix. 

Immunostaining showed that collagen I was mainly expressed in SAB 
and BAT, while collagen II was positive in the SAC. Using SEM, BAT, 
SAC, and SAB well preserved the morphology and structure of the 
original tissues. Meanwhile, no cells remained on their surface (Fig. 2C). 
Furthermore, SR-FTIR analysis confirmed that the ECM components, 
including collagen and PGs, were well preserved in the STAG (Fig. 2B). 
Quantitatively, the collagen content lost in the SAB, SAC, and BAT was 
about 3.43 %, 14.72 % and 3.11 %, whereas the PGs content in the SAB, 
SAC, and BAT lost about 8.40 %, 64.44 %, and 11.06 % (Fig. 2D). Be-
sides, there were no obvious DAPI-positive nuclear substances observed 
in the SAB, SAC, and BAT (Fig. 2B). Quantitatively, the residual 
deoxyribo-nucleic acid (DNA) in the SAB, SAC, and BAT was nearly 
undetectable (Fig. 2E), which satisfies the minimum standard of decel-
lularized scaffolds (50 ng/mg) [48]. 

3.2. Cytocompatibility of SAB, SAC, and BAT 

Flow cytometry analysis and multi-lineage differentiation assay 
indicated that the isolated cells from bone marrow were hBMSCs 
(Fig. S3). CCK-8 results showed that the SAB, SAC, and BAT had no 
significant adverse effect on the growth and proliferation of hBMSCs 
(Fig. 3A). The SEM images showed that the hBMSCs adhered to the 
surface of the SAB, SAC, and BAT with protruded pseudopodia (Fig. 3B). 
Besides, the Live/Dead assay showed that the majority of the cells were 
viable and very few cells were dead, suggesting that the SAB, SAC, and 
BAT had no negative effect on the hBMSCs viability (Fig. 3C). 

Figure 2. Fabrication and characteristics of biomimetic STAG (A) Gross appearance and assembly diagram of the STAG (B) H&E, safranin O-fast green, SR-FTIR, 
immunostaining, and DAPI staining before or after decellularization (C) SEM of acellular and native scaffolds were also evaluated (the green arrows indicated 
the cells in native bone, cartilage and tendon scaffolds) (D) Semi-quantitative analysis of collagen, PGs and DNA contents of native or acellular scaffolds. Scale bar: 
100 μm *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Binding ability of C-BMP2, C-TGFβ3, C-GDF7 on the collagen of 
SAB, SAC, and BAT 

To evaluate the collagen-binding ability of C-BMP2, C-TGFβ3, C- 
GDF7, equimolar amounts of BMP2 or C-BMP2, TGFβ3 or C-TGFβ3, and 
GDF7 or C-GDF7 were respectively added to the collagen-rich SAB, SAC, 
and BAT (Fig. 4A). The binding ability of CBP-GFs on the collagen of 
SAB, SAC, and BAT was determined with a modified ELISA method 
(Fig. 4A) . As shown in Fig. 4C, at concentrations of 2 μM, 4 μM, 6 μM, 8 
μM, 10 μM, and 12 μM, the OD450 of C-GDF7@BAT, C-TGFβ3@SAC, 
and C-BMP2@SAB presented significantly higher value than that of 
BAT, SAF, and SAB. This result indicated that CBP-GFs showed a 
stronger binding ability to BAT, SAF, and SAB than GFs. Based on 
Fig. 4C, the GFs and CBP-GFs showed a dose-dependent binding mode, 8 
μM BMP2, 6 μM TGFβ3, and 8 μM GDF7 nearly reach the saturation 
binding amount, thus we used the concentrations for the following in- 
vitro and in-vivo study. 

3.4. In-vitro GFs release profile of C-GDF7@BAT, C-TGFβ3@SAC, and 
C-BMP2@SAB 

To evaluate the controlled release of GFs from C-GDF7@BAT, C- 
TGFβ3@SAC, and C-BMP2@SAB in-vitro, 8 μM BMP2 or C-BMP2, 6 μM 
TGFβ3 or C-TGFβ3, 8 μM GDF7 or C-GDF7 were tethered into the SAB, 
SAC, or BAT, respectively; after horizontal shaker in PBS, every one day, 
the residual GFs or CBP-GFs in SAB, SAC, or BAT was measured using the 
above-mentioned modified ELISA method (Fig. 4B). The results indi-
cated that the GFs released from C-GDF7@BAT, C-TGFβ3@SAC, and C- 
BMP2@SAB are obviously slower than the GDF7@BAT, TGFβ3@SAC, 
and BMP2@SAB. After rinsing in PBS for 9 days, only about 3.77 ± 0.71 
%, 4.00 ± 0.54 %, and 4.94 ± 0.50 % of BMP2, TGFβ3, and GDF7 still 
retained on the SAB, SAC, and BAT, respectively; whereas C-BMP2, C- 
TGFβ3, and C-GDF7 remained about 35.67 ± 2.40 %, 38.93 ± 2.61 %, 
and 35.90 ± 2.12 % on the SAB, SAC, and BAT, respectively (Fig. 4D). 
These results indicated that C-GDF7@BAT, C-TGFβ3@SAC, and C- 
BMP2@SAB were controlled delivery systems for the release of GDF7, 
TGFβ3, and BMP2. 

Figure 3. Cytocompatibility of biomimetic SAB, SAC, and BAT (A) Proliferation activity of the co-culture cells in SAB, SAC, and BAT were detected by CCK-8 assay 
(B) The cell adhesion ability of scaffolds was observed by SEM. Scale bar: First line: 80 μm; second line: 20 μm (C) Live/dead double staining after the hBMSCs seeded 
on SAB, SAC, and BAT 3 days (green fluorescence represented live cells, while red for dead). Scale bar: 100 μm. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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3.5. Stem cells differentiation on the C-GDF7@BAT, C-TGFβ3@SAC, 
and C-BMP2@SAB 

After culturing hBMSCs on BAT, SAC, SAB, C-GDF7@BAT, C- 
TGFβ3@SAC, or C-BMP2@SAB (Fig. 5A), the expression of osteogenic 
(Runx2), chondrogenic (Sox9), tenogenic (Scx) specific genes in hBMSCs 
were evaluated by qRT-PCR after 5 days culture. The results showed that 
hBMSCs on the C-BMP2@SAB, C-TGFβ3@SAC, C-GDF7@BAT showed 
significantly higher expression of osteogenic-specific gene, 
chondrogenic-specific gene, and tendon-specific gene when compared to 
the hBMSCs on the SAB, SAC, and BAT (Fig. 5B). These results were 
further assessed by cellular immunofluorescent assay. Immunofluores-
cent images (Fig. 5C) showed that the Runx2, Sox9, and Scx-positive 
cells cultured on the C-BMP2@SAB, C-TGFβ3@SAC, C-GDF7@BAT 
were more than that of the SAB, SAC, and BAT. These results indicate 
that C-GDF7@BAT, C-TGFβ3@SAC, and C-BMP2@SAB showed 

significantly better inducibility on hBMSCs differentiating into teno-
genic, chondrogenic, and osteogenic lineages in-vitro. 

3.6. In-vivo performance of TE graft on grafted ACL-to-bone integration 

A distinct graft-to-bone integration was evident in the two groups, 
which exhibited time-dependent improvements in peri-graft bone for-
mation, fibrocartilage regeneration, and collagen fiber reconnection 
from 2 to 6 months. 

Macroscopic observation: The knee passive motion range of these 
dogs was not influenced after surgery. No animals died during or after 
surgery. No postoperative infection showed in these animals. The sur-
gical wounds of these animals diversely healed from postoperative days 
14–16. The knee joint of part dogs swelled obviously and filled with 
bloody synovial fluid on postoperative day 5, and gradually subsided on 
postoperative day 10. At 4 and 16 weeks after the operation, the 

Figure 4. The binding ability of C-BMP2, C-TGFβ3, C-GDF7 on the collagen of scaffolds, and in-vitro release pattern of C-BMP2, C-TGFβ3, C-GDF7 from C- 
GFs@scaffolds (A, C) The binding curves of BMP2 or C-BMP2, TGFβ3 or C-TGFβ3, GDF7 or C-GDF7 on the collagens of SAB, SAC, or BAT. (B, D) The curves showed 
the residual proportions of BMP2 or C-BMP2, TGFβ3 or C-TGFβ3, GDF7 or C-GDF7 in the SAB, SAC, or BAT after rinsing in PBS every one day.. Data are presented as 
the mean ± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired t-test) 
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specimens were collected and no signs of inflammation were found in 
the operated knees (Fig. 6A). 

Peri-graft bone formation by micro-CT evaluation (Fig. 6B): At 4 
weeks postoperatively, the TE graft group had more new bone formation 
within the bone tunnel than the AT group. Moreover, quantitative 
analysis revealed that the new bone in the TE graft group showed 
significantly higher values in BV/TV, Tb.Th than those of the AT group 
(P < 0.05). At 16 weeks postoperatively, more new bone was generated 
in the femoral tunnel in both groups compared to the femoral tunnel at 

postoperative 16 weeks. The TE-graft group still showed better bone 
formation and remodeling in the femoral tunnel than the AT group. 
Quantitatively, the values of BV/TV (Fig. 6C), Tb.Th (Fig. 6D), Tb.N 
(Fig. 6E) in the TE-graft group were significantly larger than those of the 
AT group (P < 0.05 for all). 

Graft-to-bone integration by histological evaluation: At 4 weeks 
postoperatively, compared with the autograft group, the peri-graft bone 
in the TE-graft exhibited intense bone formation characterized by 
thicker trabecular bone (Fig. 7A). Since metachromasia in SO&FG 

Figure 5. C-GFs@scaffold specifically induce the interacted hBMSCs toward osteogenic, chondrogenic, and tenogenic lineages (A) Schematic representations of the 
osteogenic, chondrogenic, or tenogenic differentiations of hBMSCs under the stimulations of C-BMP2@SAB, C-TGFβ3@SAC, C-GDF7@BAT (B) the qRT-PCR results 
show that the osteogenic genes (Runx2), chondrogenic genes (Sox9), and tenogenic genes (Scx) expressed in hBMSCs co-cultured on C-BMP2@SAB, C-TGFβ3@SAC, 
C-GDF7@BAT or SAB, SAC, BAT for 5-days (C) Immunofluorescent assay showed the osteogenic (Runx2), chondrogenic (Sox9), and tendon (Scx) markers expressed 
in hBMSCs cultured on C-BMP2@SAB, C-TGFβ3@SAC, C-GDF7@BAT or SAB, SAC, BAT for 5-days. Bar = 25 μm. All data are presented as the mean ± SEM (n = 3). 
**P < 0.01. ***P < 0.001. 
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staining showed fibrocartilage regeneration, the metachromasia evalu-
ation results indicated that both the autograft group and TE-graft group 
showed no obvious fibrocartilage formation (Fig. 7B). As for the 
collagen fiber reconnection, MT staining showed that the reconnection 
of collagen fibers in the TE-graft group was better than the autograft 
group (Fig. 7C). Using the histological score system, the score for graft- 
to-bone integration in the TE-graft group was significantly higher than 
the score of the autograft group. At 16 weeks postoperatively, peri-graft 
bone in the two groups at this time point remodeled better than the 
postoperative week 4, showing more lamellar bone and larger marrow 
cavities. The autograft group and TE-graft group still showed no obvious 
safranin O-positive area. In the TE-graft group, lots of collagen fibers 
directly connect the graft and the peri-graft bone, with characteristics of 
a high level of alignment and maturity. Quantitatively, the TE-graft 

group showed higher histological scores for graft-to-bone integration 
than the autograft group (Fig. 7D). 

Biomechanical test (Fig. 7E): Until 16 weeks postoperatively, the 
specimens in both groups still did not fully recover the mechanical 
properties of the normal ACL. the failure load of the samples in the TE- 
graft group was significantly higher than that of the autograft group (P 
< 0.05), and its stiffness was also significantly higher than that of the 
autograft (P < 0.05) (Fig. 7F). The results indicated that the TE-graft had 
a significant advantage in promoting the recovery of mechanical prop-
erties of ACL close to the normal ACL. 

4. Discussion 

For those patients with complete ACL rupture, autograft for ACL 

Figure 6. (A) The gross appearances of repaired ACL at 4 weeks and 16 weeks (B) Representative micro-CT images of the distal femurs in the AT or TE group at 
postoperative 4 and 16 weeks. Comparison of the BV/TV (C), Tb⋅Th (D), and Tb⋅N (E) in newly formed bone between the two groups. Bar = 1 cm. Data are presented 
as the mean ± SD (n = 5). ns P > 0.05, *P < 0.05, **P < 0.01 (unpaired t-test). 
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Figure 7. The TE-graft implants promoted ACL healing. Histological assessments and corresponding quantitative analyses in two groups at different time points were 
evaluated, including H&E (A), safranine O/fast green staining (B), Masson’s trichrome staining (C), and histological scores (D), Scale bar: 200 μm (E, F) The me-
chanical properties (including failure load and stiffness) of the specimens collected from the AT group and the TE group at postoperative 16 weeks (n = 6). *P < 0.05. 
**P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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reconstruction has become the most commonly utilized surgical inter-
vention nowadays [5]. Unfortunately, due to the deficiency of 
enthesis-like tissue formation in the bone tunnel, the reconstructed ACL 
may fail [7]. In our study, we developed a functional acellular graft with 
triphasic enthesis-like structures in the bone tunnel parts (named TE 
graft) by sequentially surrounding the bone tunnel parts of 
C-GDF7@BAT with C-TGFβ3@SAC and C-BMP2@SAB. The ACL recon-
struction graft can not only mimic native enthesis in architecture and 
composition in the bone tunnel part, but also region-specifically induce 
stem cells into osteogenic, chondrogenic, and tenogenic lineages. This 
TE graft could be used to reconstruct ruptured ACL and augment 
graft-to-bone integration, thus demonstrating high potential for clinical 
translation in ACL reconstruction. 

Until now, various natural and synthetic materials with suitable 
biodegradability have been utilized in the fabrication of grafts for ACL 
reconstruction [49,50]. The firm integration of grafted ACL into bone 
tunnel remains the most demanding challenge in ACL reconstruction, 
since graft loosening means graft failure. As a functional 
tissue-engineered ACL graft in the future, it should be capable of 
enhancing robust enthesis-like tissue formation in the peri-graft tunnel 
[50]. However, most of the current ACL grafts lack osteoinductivity, 
thus leading to a failure in promoting graft-to-bone integration at the 
early stage, and exacerbating the significant concern of bone tunnel 
enlargement [51]. To address this challenging problem, developing a 
novel ACL reconstruction graft with a multiphase transition structure to 
simulate enthesis-like tissue formation has received more and more 
attention in recent years. For example, Dong et al. reported a bioactive 
clay laponite into silk fibroin (SF)/laponite artificial ligament for ACL 
reconstruction [52]. Cai et al. used biomineralization and electrodepo-
sition methods for depositing calcium phosphate on the PET artificial 
ligament for ACL reconstruction [53]. Recently, Zhang et al. prepared a 
bone morphogenetic protein 7 (BMP-7)-loaded polycaprolactone (PCL) 
nanofibrous membrane rolled polyethylene terephthalate (PET) mesh 
fabric as ACL reconstruction graft [51]. However, these multi-phased 
ACL reconstruction grafts were fabricated with synthetic materials. 
The concerns about biocompatibility, biodegradability, and low immu-
nogenicity are inevitable. Recently, due to their high biocompatibility, 
good biodegradability, and low immunogenicity, acellular bone, carti-
lage, or tendon matrix has attracted great attention in musculoskeletal 
tissue engineering, and have been used in repairing or regeneration of 
bone, cartilage, meniscus, enthesis, tendon, ligament [17,45,54]. How-
ever, native bone or cartilage is compact in structure, the cells usually 
are deeply embedded in a dense and low-porous ECM, allowing for 
limited acellular solution infiltration, which makes it difficult to remove 
inherent cellular components and antigens while mostly conserving 
native ECM [15,55]. In this study, a custom-designed vacuum aspiration 
device was used for decellularizing bone tissue or cartilage tissue, which 
can significantly shorten the time of decellularization, preserve more 
extracellular matrix (especially the minor matrix components), and 
protect the original structure [42]. Ideally, the newly-formed tissue in 
the peri-graft site should show a triphasic ligament-fibrocartilage-bone 
structure. To realize that, we innovatively cut the bone tissue or carti-
lage tissue into a “sleeve-shape” with a perfect match size, and then 
surround the grafted ligament, thus providing a triphasic enthesis-like 
structure in the bone tunnel for the convenience of graft-to-bone inte-
gration. In addition, the sleeve wall thickness was set as 0.5 mm, which 
is very thin, thus convenient for infiltration of decellularizing reagents 
and migration of endogenous cells. Moreover, compared with a cylin-
drical shape or rectangle shape, a sleeve shape improves the surface area 
of the bone or cartilage tissue, which could preserve more space for 
endogenous cell adhesion. 

Apart from the triphasic enthesis-like structure in the bone tunnel, 
the engineered ACL reconstruction graft should harbor superior bio-
activities in region-specifically inducing stem cells into osteogenic, 
chondrogenic, and tenogenic lineages, thus rapidly forming enthesis- 
like tissue in the bone tunnel. Based on our previous study [45], the 

BMSCs cultured on the acellular bone, cartilage, or tendon matrix did 
not show obvious osteogenic, chondrogenic, and tenogenic differentia-
tion before 14-day culture, which may not satisfy rapid regeneration of 
enthesis-like tissue in the bone tunnel. Thus, exogenous GFs were used to 
improve the regenerative capability of our graft for enthesis-like tissue 
in the bone tunnel. Currently, the common and convenient strategy for 
GFs introduction into acellular scaffolds is direct protein incorporation. 
However, these directly incorporated GFs diffuse rapidly and the dura-
tion of release of those GFs is short, thus reducing their efficacy, and 
even causing some side effects [32]. Thus, some researchers developed 
chemical cross-linking methods to incorporate GFs into an acellular 
scaffold for controlled release. Regrettably, the polymeric materials used 
for chemical cross-link would undoubtedly influence the structure and 
components of acellular scaffold [34]. In addition, some researchers 
incorporated GFs into a scaffold during the production phase by mi-
crospheres or nanoparticles, which enables the synchronization of GFs 
release with scaffold degradation rate, realizing extended and/or 
sequential GFs release [35]. These microspheres or nanoparticles could 
only be encapsulated into acellular scaffold-derived hydrogel [56], but 
not suitable for acellular scaffold derived from tissue or organ direct 
decellularization. In the present study, we fused the CBP into the 
N-terminal of BMP2, TGFβ3, or GDF7 to synthesize three CBP-GFs, thus 
making them have collagen-binding ability. Our results showed that the 
STAG adhered with the three CBP-GFs has the ability to sustainably 
release BMP2, TGFβ3 or GDF7, thus showing superior inducibility in 
spatially stimulating stem cells differentiating into osteocytes, chon-
drocytes, and tenocytes. More importantly, using a pre-clinical canine 
model, we determined that our TE graft as an ACL reconstruction graft 
showed high-performance on regenerating enthesis-like tissue in the 
peri-graft site. 

In our study, there were several limitations. Firstly, we only evalu-
ated the in-vivo performance of the TE graft. Rigorously speaking, the 
STAG and normal GFs modified STAG should also be evaluated. In view 
that TE graft shows the best regional inducibility on stem cell differen-
tiation in-vitro, we did not set these groups in this study, which is more 
compliant with ethical requirements for laboratory animals. Secondly, 
the mechanisms underlying the graft–cell interaction for enthesis-like 
tissue formation in the peri-graft site after ACL reconstruction are un-
known. Hence, the following studies are expected to disclose the inter-
action procedure. Thirdly, our in-vitro results showed that the saturation 
binding amount of BMP2, TGFβ3, and GDF7 on SAB, SAC, and BAT is 8 
μM, 6 μM, and 8 μM, respectively, which were selected for constructing 
TE graft. However, only one CBP-GFs loading concentration was insuf-
ficient. It will be meaningful to further optimize the CBP-GFs loading 
concentration. 

5. Conclusion 

In summary, our study developed a functional acellular graft with a 
triphasic enthesis-like structure in the bone tunnel (named TE graft) by 
sequentially surrounding the bone tunnel part of C-GDF7@BAT with C- 
TGFβ3@SAC and C-BMP2@SAB, which not only mimic native enthesis 
in architecture and composition in the bone tunnel part, but also can 
region-specifically induce stem cells into osteogenic, chondrogenic, and 
tenogenic lineages. The TE graft could be used to reconstruct ruptured 
ACL and augment graft-to-bone integration, thus demonstrating high 
potential for clinical translation in ACL reconstruction. 
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