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INTRODUCTION: Injuries to tendons are commonly observed at the insertion site between tendon and bone, 
known as the enthesis. Endogenous healing and repair of the tendon-to-bone enthesis often results in the 

formation of disorganized scar tissue [1]. The Hedgehog (Hh) signaling pathway plays a crucial role in 

orchestrating the formation and maturation of the original enthesis during growth and development [2-4]. 

Consequently, targeting this pathway offers a compelling strategy to improve tendon-to-bone integration by 

facilitating the development of a functionally graded zonal enthesis.  Our prior work has shown that activating 
the Hh pathway, either through genetic manipulation or systemic injections of a Hh agonist, results in improved 

tendon-to-bone attachments following anterior cruciate ligament reconstruction (ACLR) [5]. Given the 

importance of the Hh pathway in several tissues and organs [6], it is imperative to develop localized therapeutic 

Hh interventions to mitigate off-target effects while still leveraging the therapeutic potential of the pathway. 

To achieve this, we fabricated scaffolds with varying concentrations of SAG, a small-molecule agonist of the 
Hh signaling pathway, and then implanted them with the ACLR graft to enhance tendon-to-bone integration 

via localized SAG delivery. The objectives of this study were to incorporate SAG into electrospun scaffolds, 

evaluate scaffold characteristics post-incorporation, and assess the effect of in vivo SAG release on downstream 

Gli1 expression and tendon-to-bone integration in a bilateral transverse tibial tunnel (TTT) integration model. 

 
METHODS: All animals and procedures were IACUC approved. Scaffold Fabrication: Polycaprolactone 

(PCL) solution (35 wt%) was prepared in DMF/THF with the Hh agonist (SAG) at different concentrations (0, 

0.001, 0.01, 0.1 mg/ml). The solution was spun from an 18G needle at 15kV onto a rotating mandrel (8 m/s, 

2.5 ml/hr). SEM: Fiber alignment and diameter (100 fibers per sample) were measured from images acquired 

on an FEI Quanta 600 ESEM (Fig. 1). Tunnel Integration Study: TTT surgeries were performed on 24 mice. 
This procedure was utilized as a simpler, higher throughput model than the ACLR that we have used previously 

[1,5]. Graft tail tendons were harvested from the mouse, and a sterile scaffold was added to the graft bundle. A 

transverse tibial tunnel was drilled in the metaphysis using a 27G needle (Fig. 2A). The graft with the scaffold 

was passed through the tunnel (Fig. 2B). The limbs were harvested on day 14. Mineralized Cryohistology and 
Regional qPCR: Limbs were fixed, embedded, and sectioned undecalcified with cryofilm. The medullary canal 

was microdissected from tissue sections for qPCR. Adjacent sections were stained with Alizarin Complexone 

(AC) to visualize deposited mineral fluorescently on a Zeiss Axio Scan.Z1. AC area was normalized to the area 

of the tendon graft and scaffold and quantified. Statistical Analysis: Fiber diameter and orientation and in vivo 

qPCR and AC area were compared via one-way ANOVA (p<0.05). Outliers were identified and removed using 
the ROUT method. 

 

RESULTS: SAG incorporation into electrospun scaffolds did not affect fiber orientation or diameter. Utilizing 

the OrientationJ plugin to analyze fiber alignment from SEM images, we found that incorporation of SAG 

resulted in only minor changes in fiber dispersion (Fig. 1B). Additionally, the average fiber diameters in 
scaffolds containing SAG were comparable to the blank scaffold (Fig. 1C). SAG release in vivo stimulated Hh 

signaling. The region containing the medullary canal was microdissected from transverse sections to measure 

Gli1 expression 14 days post-surgery. SAG release yielded a dose dependent effect on Gli1 expression, with the 

0.1 mg/ml SAG group having ~3-fold higher expression (p=0.009, Fig. 2D). Localized SAG release increased 

mineralized fibrocartilage (MFC) formation in the tendon graft and mineral deposition in the scaffold. To 
monitor the tunnel integration process, we measured the deposited mineral area in the tendon graft and scaffold 

(red in Fig. 3B). We found that SAG concentration impacted AC staining in a dose-dependent manner, with the 

0.1mg/ml group having higher MFC formation in the tendon graft (p=0.044, Fig. 3C) and higher mineral 

deposition in the scaffold region of the 0.01 mg/ml (p=0.048) and 0.1 mg/ml (p=0.047) groups (Fig. 3D). 

 
DISCUSSION: This study provides key insights into the effects of SAG incorporation into PCL scaffolds, 

specifically concerning the scaffold architecture and SAG release on downstream Gli1 expression and MFC 

formation in the bone tunnels within the TTT model. Our findings show that SAG incorporation slightly altered 

the fiber alignment but had no detectable effect on fiber diameter. Furthermore, SAG release from the scaffold 

had a marked effect on Hh signaling, as evidenced by a statistically significant upregulation of Gli1 expression 
in the medullary canal in scaffolds with a concentration of 0.1 mg/ml SAG. Our data demonstrate that localized 

delivery of SAG significantly increased MFC formation in the tendon graft and mineral deposition in the 

scaffold, which is an indicator of improved tendon-to-bone attachment formation and tunnel integration. These 

findings indicate that localized SAG delivery is an effective method for increasing MFC formation and 

mineralization, hence potentially offering a novel therapeutic. Future studies will apply the SAG-loaded 
scaffolds in our more clinically relevant, yet lower throughput, ACLR model to determine if it can improve the 

tendon-to-bone integration process. 

 

SIGNIFICANCE/CLINICAL RELEVANCE: This study demonstrates that localized delivery of Hh agonists is 

a viable and promising therapeutic strategy for enhancing tendon-to-bone integration while minimizing side 
effects from systemic delivery. 
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Fig 1. SAG did not affect scaffold fiber 

orientation (C) or diameter (D). 

 

Fig 2. SAG release in a TTT model (A,B) 

stimulated Gli1 expression from micro-

dissected tissues (C-D). 

 
 

Fig 3. SAG release from scaffolds into the 

bone tunnel (A-B) promoted mineral 
deposition (red in B) in both the tendon 

graft (C) and scaffold (D). 
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