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Chapter 1

1	 INTRODUCTION

The human body possesses the remarkable ability to heal in response to various 
injuries. For centuries, we have attempted to improve such healing capabilities 
by different means, some more successful than others. Practices that today are 
given for granted, such as the cleansing and debridement of wounds, have their 
origins in ancient civilizations. Early cultures utilized natural remedies based on 
the use of herbs, milk, vinegar, or even wine as antibiotic solutions to sanitize 
and protect the injured tissue from infections and improve the healing of the 
wounded area. Furthermore, some of the first pieces of evidence of realistic 
medical science approaches to treat complex injuries date back over 2,000 years. 
Such are the records of skin graft procedures by the Indian physician Sushruta 
to treat facial and dental injuries [1]. Likewise, the miraculous transplantation of 
a limb, estimated to have happened around 474 CE, was forever immortalized 
by the Italian artist Matteo di Pacino back in the 14th century with his famous 
painting “Miracle of the Black Leg” as a testament to the pursuit of innovative 
solutions to restore the function of damaged or diseased tissues.

As our understanding of human biology grew, we came up with more 
sophisticated ideas to improve the healing of injured tissues that would not 
regenerate by themselves. Today, an emerging field known as Regenerative 
Medicine deals with the development of therapeutic strategies that combine 
tissue engineering approaches with biomaterial design to improve the healing 
and regeneration of complex tissues. One of these complex tissues, the enthesis, 
is the main subject of study of this thesis.

The enthesis is an interphase tissue that connects tendons and ligaments to 
bone [2]. It plays a crucial role in transmitting mechanical force from tendons 
or ligaments to bone and ensuring the functional integrity of this transition. 
However, injuries to the enthesis often undergo limited healing, which usually 
involves the formation of a scar at the site of the injury that compromises tissue 
functionality [3,4].

The majority of entheses-related injuries occur during or as a consequence of, the 
practice of sports. This is mostly due to the functional relevance of the tendon-
to-bone entheses for locomotion and movement in general and the increased 
load sustained by the joints during the practice of sports. Records show that by 
the first editions of the Greek Olympics, approximately around the year 800 BCE, 
tendon and entheses injuries were acknowledged as some of the most common 
sports-related injuries. To help prevent such injuries and improve recovery after 
workouts, ancient Olympic athletes used to massage their muscles and tendons 

Thesis Carlos - V3.indd   8Thesis Carlos - V3.indd   8 22-03-2024   10:4022-03-2024   10:40



9

General Introduction

with olive oil after training [5]. However, once an injury occurred, the options for 
treatment were very limited, and more often than not, resulted in poor recovery.

Over two thousand years have passed since the first celebration of the Greek 
Olympics, and we are still learning new ways to improve the healing of injured 
tendons and tendon-to-bone entheses. Unfortunately, and despite the current 
efforts, the regeneration of the tendon-to-bone enthesis remains a challenge 
[4,6]. Hence, this thesis aims to further explore novel therapeutic strategies, 
from the use of biomimetic scaffolds to the potential applications of microRNAs 
(miRNAs) as molecular cues to aid the healing and regeneration of the enthesis.

Nowadays, injured tendons and entheses can be treated conservatively, with the 
use of anti-inflammatory drugs, shock wave therapy, or via surgical intervention, 
which usually relies on the use of sutures or bone anchors to re-attach torn 
tendons to the bone [3,7]. Additionally, a plethora of biomaterials (e.g. collagen, 
silk, PLGA, GelMA, etc.) has been explored for their potential to aid the process 
of enthesis regeneration and healing [8,9]. Chapter 2 of this thesis provides an 
overview of the state of the art in the context of tissue engineering applications 
for tendon and enthesis regeneration. Furthermore, we specifically address the 
most significant progress made in the field of silk biomaterials for tendon and 
enthesis tissue engineering.

Chapter 3 deals with the comparative characterization between the three most 
clinically relevant sites of enthesis injuries (i.e. the supraspinatus enthesis, the 
patellar tendon enthesis, and the Achilles tendon enthesis) in a rodent model. 
Here, the biomechanical, morphological, and genetic differences between the 
three localizations are investigated and discussed. Such characterization revealed 
that the rotator cuff enthesis was the smallest, narrower, and weaker enthesis 
while the patellar tendon enthesis was the strongest and showed the largest 
enthesis cross-sectional area. Important morphological differences between 
the interphases investigated are herein described. The patellar tendon enthesis 
and the supraspinatus tendon enthesis showed a cartilaginous transition at the 
tendon-to-bone interphase while the Achilles enthesis showed a more abrupt 
transition from tendon to bone. As a key result of this chapter, the patellar tendon 
enthesis was chosen as the enthesis model to be used for further studies.

Precisely in Chapter 4, an injury in the patellar tendon enthesis of our rodent 
model was created and the defect was treated by implanting two versions of 
a biphasic silk fibroin scaffold. One version presented an abrupt transition 
between the phases while the other one showed an interconnected transition 
between the tendon and bony phases of the scaffold. This chapter demonstrates 
that the use of a biomimetic enthesis scaffold that presents an interconnected 

1
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transition between the phases promotes superior enthesis healing with a better 
recapitulation of the native enthesis morphology than the biphasic scaffold with 
an abrupt transition between the phases.

Chapter 5 describes the healing process of an injured patellar enthesis at time 
points 1 day and 10 days after the creation of the injury by investigating the 
patterns of expression of fibrosis-related miRNAs. Target prediction for the 
dysregulated miRNAs was performed, which allowed for the establishment of 
potential regulatory effects for the herein-found dysregulated miRNAs and their 
respective predicted mRNA targets. Furthermore, it was possible to localize 
the upregulation of at least one of the investigated miRNAs (i.e. miR-16-5p) in 
the injured areas of the enthesis via in situ hybridization. This result served as 
an inspiration to investigate the therapeutic potential of miR-16-5p in enthesis 
tissue-engineering applications.

Consequently, in Chapter 6, we developed a magnetic-responsive GelMA-
based bioink loaded with either mimics or inhibitors of miR-16-5p. Herewith, 
we evaluated the effects of the upregulation or inhibition of miR-16-5p on the 
tenogenic differentiation of adipose-derived mesenchymal stem cells AdMSCs 
encapsulated within the GelMA bioink. The encapsulated cells were able to 
uptake the miRNA mimics or inhibitors from the hydrogel and the effects on the 
regulation of the mRNA targets (e.g. SMAD3, COL1A1, and MKX) were sustained 
for at least 21 days of culture. The results herein described represent a significant 
advance towards the development of a bioactive bioink for enthesis tissue-
engineering applications.

Finally, Chapter 7, consists of a general discussion of the inhere described results. 
A critical analysis of the investigation and the most significant conclusions are 
given. This chapter is followed by the valorization potential of this research, main 
conclusions, and future perspectives.
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ABSTRACT

Tendons and tendon-to-bone entheses are frequent injury sites among athletes, 
accounting for up to 50% of all sports-related injuries. Additionally, about 2% to 
5% of the general population is affected by tendinopathies up to some degree 
due to overuse, sport-related injuries, and/or degeneration. This situation is likely 
to worsen in the coming years due to the increasing popularity of sports practice 
among the middle-aged and elderly population. Unfortunately, the success rate 
of clinical intervention to treat tendinopathies is far from desirable, with surgical 
repair failure rates ranging from 20% to 90% in many cases. In this chapter, we 
review the perspective of tissue engineering to tackle the challenge that represents 
the successful treatment of injured tendon/enthesis. Furthermore, we look into 
the potential use of silk biomaterials in tendon and enthesis tissue engineering.
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1	 INTRODUCTION

Tendons are in charge of transferring force from the muscle to the bony skeleton, 
allowing the movement and stabilization of joints [1]. Tendons have evolved in 
many different shapes and sizes to perform their function. Some can be flat in 
appearance, such as the patellar or the supraspinatus tendons, while others are 
round, as is the case of the flexor digitorum profundus [2]. Generally, over 90% 
of the cells populating tendons are tenocytes and tenoblasts. In comparison, 
the remaining 10% consists of chondrocytes populating the tendon-to-bone 
interphase, synovial cells of the tendon sheath, and endothelial and smooth 
muscle cells [3]. The predominant structural components of the tendon are 
the fibril-forming collagen type I and proteoglycans, although other collagens 
are also present (e.g., collagens type II, III, V, VI, IX, XI) [4]. Three molecules 
of collagen type I combine to form a tropocollagen molecule. A pack of five 
tropocollagens comprises a microfibril and microfibrils aggregate together 
to form fibrils. Similarly, fibrils group into fibers, and fibers group into fiber 
bundles [2]. This structure is represented in Fig. 1 (left). Such design allows the 
tendon to withstand longitudinal deformation while the proteoglycan content 
is responsible for the viscoelastic behavior of the tendon [5].

The muscle-to-tendon interphase is termed the myotendinous junction [6]. Here, 
myocytes of the muscle tissue connect to the tendon’s collagen fibrils via finger-
like processes, which are interdigitations of the sarcolemma of muscle cells where 
actin filaments interact with the collagen type I-rich extracellular matrix (ECM) 
of the tendon [7].

2
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Figure 1: Representation of the hierarchical structure of the tendon (left) and the 
structural organization of the silk protein (right).

The tendon-to-bone interphase, or enthesis, presents a more complex structure. 
Since the enthesis acts as the connection point between the tendon and the 
bone, the leading role of the enthesis is to equalize the differences in elastic 
modulus between these two tissues [8]. Therefore, the anatomy of this transition 
includes both a tendon and a bony side localized at each (respective) opposing 
end of the enthesis. The interphase area, from tendon to bone, is characterized 
by a progressive loss of the longitudinal alignment of the collagen fibers towards 
a more disorganized bony-like structure. As the longitudinal arrangement of the 
collagen fibers decreases, the mineral content increases towards the bony end 
of the enthesis [9]. Entheses are usually classified as fibrous when the tendon-
to-bone interphase is characterized by dense connective tissue. Alternatively, 
the enthesis is classified as fibrocartilaginous enthesis when the interphase is 
characterized by a collagen type II-rich fibrocartilaginous transition [10].

The physiological function of the tendon comes with a caveat; tendons and 
their tendon-to-bone attachment sites are prone to inflammation, disease, 
and rupture [1, 3]. Perhaps the most common cause of tendons and entheses 
injuries is the practice of regular physical activity [3]. It has been estimated that 
almost 50% of all sports-related injuries are related to tendon or enthesis injuries 
[11, 12]. However, many risk factors contribute to the incidence of tendon and 
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enthesis injury other than the practice of sports. Some of which are age, nutrition, 
metabolic diseases, and genetics [13].

The highly specialized biology of the tendon makes the tendon and its enthesis a 
challenging site of injury [3, 9, 14, 15]. Tendon injuries are treated conservatively or 
by surgical intervention [9, 16-18]. However, it has been demonstrated that non-
surgical treatment is often followed by operative management of the injury due 
to the unsuccessful outcome of conservative treatments [6, 19]. Unfortunately, 
the landscape of surgical intervention to treat tendon or enthesis injuries doesn’t 
look any brighter. It has been estimated that 20% to 90% of surgically treated 
patients suffer recurrent ruptures in the treated tendon after surgery [20-22]. 
Such a situation makes the critical need clear for developing novel therapies that 
can effectively improve the healing of the tendon and its enthesis.

2	 TENDINOPATHIES: CURRENT THERAPIES AND LIMITATIONS

Tendinopathies are invalidating conditions that affect an alarming fast-growing 
number of people in today’s society [23]. Around 30% of all musculoskeletal 
consultations are due to tendon injury or tendinopathy [24, 25]. This includes 
acute tendon injuries such as tendon/enthesis rupture or inflammation and 
chronic tendinopathies due to overuse and/or degeneration.

In an attempt to understand how the mechanical properties of a tendon behave 
and how strain patterns can lead to tendon rupture, Nagelli et al. investigated 
the mechanical properties of fresh Achilles tendons harvested from young 
human cadavers. Their study described the accumulation of lateral strain early 
in the loading cycle while longitudinal strain remained low. However, the high 
longitudinal strain was observed in the weakest part of the Achilles tendon, the 
mid-substance, immediately before rupture. These new insights advance the 
understanding of the mechanical behavior of tendons as they are stretched 
to failure. However, further research is needed to understand how aging 
and tendinopathy affect this behavior as older individuals and people with 
tendinopathy are significantly more likely to sustain a tendon rupture [26].

The native mechanism of healing of the tendon tissue is also a significant subject 
of study [8, 25]. It is known that the healing process is mainly dictated by the 
tendon cells and the surrounding ECM. Typically, such a process includes an 
inflammatory phase followed by cell proliferation and remodeling of the ECM. 
Regrettably, the general outcome of the healing is scar tissue that doesn’t replicate 
the mechanical properties nor the functionality of the uninjured tissue [15].

2
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Tendinopathies are usually dealt with via conservative treatments or surgical 
intervention. Traditional treatments of tendinopathies include but are not 
restricted to, the use of non-steroidal anti-inflammatory drugs (NSAIDs), 
corticosteroids, platelet-rich plasma, eccentric exercise, extracorporeal shock wave 
therapy (ESWT), and ultrasound [27, 28]. Alternatively, surgical approaches rely on 
reincorporating the tendon into the bone via sutures or bone anchors [21, 29].

Invalidating symptoms such as pain and dysfunction can be effectively relieved 
with NSAIDs or corticosteroids. However, the long-term use of such drugs is not 
recommended due to damaging the tissue and their application is therefore 
limited to short-term pain reduction. Furthermore, some reports indicate that 
the use of NSAIDs may exert both beneficial and detrimental effects on tendon 
healing depending on the timing of the application [30, 31]. Similarly, there 
is evidence of potential adverse effects of the use of corticosteroids on the 
biomechanical properties of the tendons, which increases the risk of spontaneous 
tendon rupture [32, 33]. Other forms of non-surgical therapy, such as ESWT, have 
been used to treat chronic calcic tendinopathy with some controversial results. 
Some authors have described a complete resolution of calcification in patients 
suffering from calcic shoulder tendinitis, which significantly decreased pain and 
improved shoulder function in the treated patients [34, 35]. However, the lack 
of standardized treatment protocols and long follow-ups is a limiting factor in 
determining these treatments’ effectiveness [36]. Non-surgical intervention for 
acute tendon rupture has been suggested to be associated with a significant 
increase in the incidence of recurrent rupture compared to surgical treatment 
[37]. Or at least that has been the case for acute and chronic Achilles tendon 
ruptures [37, 38].

Surgical intervention is common in partial tears, full-thickness rotator cuff tears, 
and Achilles tendon and patellar tendon rupture cases since disability is high in 
patients suffering from such injuries. However, the success of such interventions 
is questionable [21]. A recent study reviewing nine trials involving 1007 patients 
failed to demonstrate that surgical intervention provided clinically meaningful 
benefits to people with symptomatic rotator cuff tears [39]. Surgical repair is also 
the most common treatment for ruptured Achilles tendon [40]. Nonetheless, it 
has been reported that, even though gait speed, stride length, and peak ankle 
moment and power can be significantly increased after surgical intervention of 
a ruptured Achilles tendon, patients might still exhibit impairments one year 
after the surgery, including decreased power in the knee and ankle compared 
with healthy controls [40].

Surgical management of ruptured patellar tendon seems to have a better 
prognosis, and failure is usually associated with technical errors during surgery 
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or delayed diagnosis and treatment [41]. Yet, a recent review of the performance-
based outcomes following patellar tendon repair in professional athletes revealed 
that American football, basketball, and soccer athletes suffered from a significant 
drop in their performance and shortening of their professional sport carriers 
after surgical treatment of their patellar tendon injuries [42].

3	 TISSUE ENGINEERING FOR TENDON AND ENTHESIS REPAIR

Tissue engineering (TE) combines scaffolds, cells, and biologically active 
molecules to promote the generation or regeneration of functional tissue 
[43]. This concept has witnessed significant improvements in the last couple 
of decades with novel TE strategies resulting in commercially available tissue-
engineered products, including several scaffolds, hydrogels, matrices, and 
sponges developed by different techniques and with a wide range of potential 
applications [44, 45].

As described in the previous section of this chapter, the surgical reconstruction 
of the tendon and the tendon-to-bone enthesis is challenging and often fails. 
Therefore, it is not hard to understand the recent surge of TE-based strategies 
specifically tailored to tackle tendon and enthesis regeneration. The ever-
growing character of TE offers almost unlimited opportunities for exploring new 
techniques and biomaterials to pursue therapeutic solutions to improve tendon 
regeneration. However, very few make the transit from the lab to the clinic.

In particular, developing biomaterials to produce biomimetic constructs for 
tendon and enthesis regeneration has come a long way. In the context of tendon 
and enthesis-TE, biomaterials are expected to supply mechanical support to the 
engineered construct until the affected tissue can re-take the load corresponding 
to its anatomic role [46]. Such materials should deliver the necessary platform for 
cell infiltration, proliferation, and ECM deposition. For this purpose, biomaterials 
are desired to be (1) biocompatible; (2) biomimetic; and (c) biodegradable. The 
biomaterials used in tendon and enthesis-TE can have a natural or synthetic 
origin. They are often combined with chemical and physical factors to improve 
their pro-healing capabilities [43].

Synthetic polymers such as poly-ε-caprolactone (PCL), poly(lactic acid) (PLA), 
poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA) are desirable. 
They can be manufactured with precise control, producing biomimetic 
microstructures with excellent mechanical properties and high area-to-volume 
ratios [47-49]. However, such synthetic biomaterials lack cell-binding ligands and 
their hydrolysis releases acidic products that have been proven toxic to tenocytes 
and osteoblasts [50, 51].

2
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Natural polysaccharide polymers are popular alternatives used in tendon repair 
[52-54]. They are highly biocompatible, favor cell adhesion, and their biochemical 
cues can even exert immunomodulatory effects [55-57]. Commonly used 
biopolymers are hyaluronic acid (HA), chondroitin sulfate, chitosan, and alginate 
[58-60]. They present high charge density, which allows for the complexation with 
therapeutic agents. At the same time, their tunable hydrophobicity makes them 
suitable for producing a wide range of constructs, from hydrophilic injectable 
hydrogels to solid scaffolds [61-63]. Despite their desirable properties, for 
many years, polysaccharide polymers were solely considered to target hard-
tissue regeneration such as cartilage and bone [64, 65]. Hence, the use of these 
polymers in tendon and enthesis-TE is short-lived and there is much that we do 
not understand yet regarding the role of these materials in cell signaling and 
immune recognition. Additionally, molecular weight or purity variables tend to 
vary amongst samples of the same material, thus hindering reproducibility [66].

Another attractive option as biomaterials for tendon and enthesis-TE are proteins 
such as collagen, fibrin, and silk. Of the three, collagen is perhaps the most 
widely used, as collagen constitutes the main component of the tendon ECM. 
Fibrin is a polymer naturally composed during wound healing. Both collagen 
and fibrin are present to bind the sites for cells and growth factors. This favors 
cell migration, adhesion, growth, and differentiation [67-70]. Fibrin has been 
used as a matrix to deliver stem cells in, for instance, a patellar tendon defect 
[71]. However, collagen scaffolds’ mechanical strength and structural stability 
decrease upon hydration [72], and their degradation rate can be too high to 
allow the deposition of new tissue. Thus, collagen scaffolds are chemically or 
physically modified to reduce solubility and improve their biomechanics [73, 74]. 
Platelet-rich-fibrin scaffolds exhibit excellent elasticity and offer the additional 
benefits of prolonged release of growth factors and other hemocomponents 
to the site of injury that has proven to induce pro-healing effects [75, 76]. Yet, 
using these scaffolds for tendon repair has yielded conflicting results between 
animal models and clinical trials, possibly due to the lack of standardization of 
the preparation protocols and distinct differences between donors [76, 77].

Alternatively, silk offers exceptional mechanical properties in strength, toughness, 
and elasticity comparable to that of tendons and ligaments [78]. Moreover, 
silk is non-toxic, biocompatible, and hemocompatible, and it promotes cell 
adhesion and proliferation [78, 79]. Hence, silk-based composites are some of 
the most promising materials for fabricating scaffolds and biomimetic constructs 
[80]. Furthermore, silk can be manufactured into fiber bundles with tunable 
degradation rates and solubility, which makes it ideal for tendon and enthesis 
tissue engineering [81-83]. As a consequence, tendon and enthesis-TE have 
benefited from the use of silk-based constructs in recent years. Hereafter, we 
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will try to summarize some of the most relevant advances related to the role of 
silk in tendon and enthesis-TE.

4	 SILK AND SILK FIBROIN IN TENDON TISSUE ENGINEERING

Silk is a biopolymer produced by many members of the arthropod family, 
including spiders, silkworms, flies, and silverfish. Each of these arthropods has 
silk components with particular amino acid composition and structural properties 
[84, 85]. Even within the same species, silk’s composition and mechanical 
properties can vary due to certain environmental conditions or variations in the 
arthropod’s nutrition [86].

The most commonly used silk in biomedical applications is one produced by 
silkworms, in particular from the Bombyx mori silkworm [84]. The essential 
structural components of the B. mori silk are the proteins fibroin and sericin, as 
represented in Fig. 1 (right). Fibroin is hydrophobic and forms microfibrils that 
assemble into filaments. The hydrophilic sericin glues these filaments together 
to form silk fibers [87]. Of the two proteins, only fibroin is used in biomedical 
applications and its use in the United States has been approved by the FDA 
[88]. Sericin, however, is known to be immunogenic. Therefore, silk must be 
processed, and the sericin removed [89]. This process yields a regenerated silk 
fibroin solution similar to the state of the fibroin in the glands of the arthropods 
before being spun [90].

Regenerated silk fibroin solutions are the starting material for silk fibroin sponges 
or scaffolds. In its water-soluble form, fibroin solutions can be processed in mild 
conditions without the need for harmful chemicals, preserving the excellent 
biocompatibility of the materials [84, 91]. It is possible to obtain a broad range of 
structures from silk fibroin solutions, including porous constructs, ropes, textured 
yarns, membranes, and so on.

In 2009, Fang et al. obtained a braided silk fibroin scaffold to treat tendon defects 
[92]. Their study demonstrated that the material promoted the adhesion and 
propagation of tenocytes in vitro. Furthermore, they tested the scaffolds in vivo 
by implanting them into a defect created in the Achilles tendon of New Zealand 
rabbits. They observed that after 16 weeks, neo-tendon tissue was formed at 
the site of the injury with a predominant composition of collagen type I and 
morphological features that resembled those from the native tendon.

In a more recent study, Yao et al. demonstrated that silk fibroin could also be 
used to fabricate membranes with different porosity. Using a rat Achilles tendon 
rupture suture wrapping model, they showed that these membranes could 

2

Thesis Carlos - V3.indd   21Thesis Carlos - V3.indd   21 22-03-2024   10:4022-03-2024   10:40



22

Chapter 2

reduce inflammation and promote ECM production in vivo [93]. Furthermore, 
they observed that, by decreasing the porosity of their silk fibroin membranes, 
they improved tendon repair and the regeneration capabilities of the biomaterial. 
Similarly, Lu et al. exploited the versatility offered by silk fibroin solutions to 
prepare silk fibroin films with biomimetic microstructure [94]. Here, silk fibroin 
films with tendon-like microstructure were obtained by casting and drying silk 
fibroin solutions on polydimethylsiloxane (PDMS) molds with a microstructure 
of parallel grooves whose width and depth corresponded to the normal tendon 
structure. They observed that, when seeding tendon stem/progenitor cells on 
the surface of the biomimetic silk fibroin films, the cells adopted a more slender 
morphology and expressed tenogenic markers such as scleraxis, tenascin-C, 
tenomodulin, and collagen type I at higher levels than the cells seeded onto silk 
fibroin films with a smooth surface.

These and many other examples support silk fibroin as a promising biomaterial 
suitable for tendon-TE applications. Moreover, these examples relied solely on 
the intrinsic properties of silk as a biomaterial. In the next section of this book 
chapter, we will explore how silk can be combined with other polymers and 
factors to improve the material’s regeneration capabilities further.

5	 SILK COMPOSITES FOR TENDON TISSUE ENGINEERING

Silk fibroin is usually combined with other biomaterials to enhance bioactivity 
and improve mechanical properties [95-97]. Additionally, the versatility offered 
by silk allows for the production of complex structures with excellent control in 
pore sizes and/or fiber alignments. However, silk composites are most commonly 
used to increase cell attachment capabilities of silk fibroin constructs since the 
silk protein extracted from B. mori does not contain an RGD sequence, also 
known as the site for integrin-mediated cell adhesion [98, 99]. This can be solved 
by surface coating or chemical coupling with RGD peptides [99-101]. In 2006, 
Kardestuncer et al. tested the effects of RGD-coating on silk fibroin sutures on 
the adhesion, proliferation, and differentiation of tenocytes. They found that cell 
proliferation and expression levels of collagen type I and decorin were increased 
in silk-RGD substrates [102]. A few years later, Yang et al. demonstrated that by 
fusing an RGD peptide with a recombinant mussel adhesive protein (MAP-RGD) 
it was possible to obtain MAP-RGD-blended silk fibroin fibers with improved 
hydrophilicity and biodegradability without affecting the mechanical properties 
of the silk fibroin fibers. Furthermore, the coated fibers exhibited enhanced cell 
adhesion and proliferation [101].

Another possibility to improve cell attachment is the use of lectin. Lectin obtained 
from wheat germ agglutinin can be covalently bound to fibroin using carbodiimide. 
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This modification increased attachment by 17-fold of stem cells. Furthermore, 
the cells attached so well that they were more resistant to shear stress [103].

Alternatively, gelatin, fibronectin, and collagen type I can be used to surface 
coat silk and improve cell attachment. Maghdouri-White et al. produced a 
nanofiber scaffold blending electrospun silk fibroin and collagen resulting in a 
biologically enhanced matrix with the mechanical properties of silk fibroin and 
the biocompatibility of collagen type I. Moreover, they demonstrated that, by 
incorporating BMP-13 into their engineered construct, cell migration, attachment, 
and viability of both human tenocytes and human adipose-derived stem cells 
were improved [96]. A different approach was followed by Qian et al. They 
produced a collagen scaffold with knitted silk that improved the healing of the 
tendon-to-bone enthesis in a rabbit model in vivo [104]. The designed scaffold 
performed significantly better than the alternative collagen scaffold without 
the silk, possibly due to the biphasic construct’s superior biocompatibility, 
biodegradability, and mechanical properties.

Similarly, Xue et al. combined silk and gelatin methacryloyl sheets to produce 
nanofibrous scaffolds for tendon regeneration. By optimizing the ratio between 
silk fibroin and gelatin methacryloyl, they demonstrated improved proliferation 
of tenocytes with evidence of tenogenesis and enhanced in vivo tendon tissue 
regeneration [105]. The combination of silk fibroin and gelatin has also been 
explored using extrusion-based three-dimensional bioprinting [106]. Trucco 
et al. encapsulated hMSCs in silk fibroin-gelatin-based hydrogels to bio-print 
cell-laden constructs capable of sustaining chondrogenic differentiation in the 
presence of TGFβ-3. This principle demonstrated the potential of the combination 
of silk and gelatin to regenerate articular cartilage and the cartilaginous tendon-
to-bone enthesis [106].

Another promising silk fibroin composite was tested by Young-Kwon Seo et 
al. They produced a silk scaffold containing lyophilized collagen-hyaluronan 
(HA) and wrapped it with an amniotic membrane before implanting it into an 
Achilles tendon defect created in New Zealand rabbits. Explants were harvested 
12 weeks after the surgery and analyzed by histology, which allowed the authors 
to conclude that the rabbits treated with the composite silk-HA scaffold wrapped 
by amniotic membrane developed denser collagen bundles with a more linear 
and parallel organization of their fibers when compared to the groups treated 
with the silk scaffold alone and the silk scaffold-HA composite without the 
amniotic membrane [107].

Silk fibroin has also been combined with polymers such as PCL or poly-3-
hydroxybutyrate (P3HB) to produce hybrid structures with tunable mechanical 
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properties specifically designed to treat tendon and ligament defects. That was 
the case with the nano/micro hybrid scaffold developed by Naghashzargar et 
al. [97]. By electrospinning PCL or P3HB onto twisted silk fibroin fibers, they 
obtained hybrid structures with superior mechanical properties and cell viability 
than the uncoated silk fibroin yarns. Unfortunately, the authors did not include in 
vivo applications of their hybrid constructs in their published study. Nevertheless, 
the fabrication method described appears suitable for tendon tissue engineering.

Another attractive silk fibroin-polymer composite was developed by Sahoo et 
al. [108]. They produced a hybrid scaffold combining knitted silk microfibers 
and electrospun bFGF-releasing PLGA nanofibers. This combination resulted in 
a construct that exhibited robust mechanical properties and a slow degradation 
rate of the silk and an ECM-like architecture achieved by electrospinning of the 
PLGA nanofibers. Furthermore, the coating with bFGF allowed for a sustained 
release of this factor that simulated the role of the native ECM, resulting in 
enhanced proliferation and tenogenic differentiation of the seeded BMSCs in 
vitro. Furthermore, the increased expression of collagen and other ECM markers 
contributed to improving the mechanical properties of the construct, which 
could well be an indication of the potential of this hybrid construct to be used 
in tendon-TE applications.

6	 SILK BIOMATERIALS FOR ENTHESIS REPAIR

As previously discussed in this chapter, the tendon-to-bone enthesis is a 
challenging injury site. The stratified morphology of the tendon-to-bone 
transition makes this interphase tissue particularly hard to regenerate [21, 109]. 
Therefore, tissue engineers have explored the advantages offered by silk fibroin 
to create biomimetic constructs that recapitulate the opposing collagen fiber 
alignment and mineralization gradients found at the entheses. In some instances, 
the focus has been directed exclusively to the replication of the mineralization 
gradient at the interphase, as is the case of the biomineralized silk fibroin 
nanofibrous scaffold developed by Chen et al. [110]. Here, they produced an 
electrospun silk fibroin scaffold with a mineral gradient achieved by placing the 
construct vertically in a beaker containing simulated body fluid solution and 
allowing the solution to gradually flow out of the construct, which resulted in 
different mineral deposition on different areas of the scaffold. As a control, they 
produced another scaffold with a homogenous mineralization content and they 
used both versions to treat an Achilles tendon enthesis defect in a rat model. 
They observed that the gradient scaffold showed better osteointegration of 
the Achilles tendon with increased fibrocartilage formation at the enthesis area 
compared to the homogenous scaffold.
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Alternately, Font Tellado et al. focused on producing a silk fibroin scaffold that 
simulated the morphology of the tendon-to-bone enthesis. Their study obtained 
a biphasic silk fibroin scaffold showing a smooth interconnected transition 
between the tendon-like portion and the bony-like portion of the scaffold by 
combining directional freezing, salt leaching, and freeze-drying. When seeded 
with adipose-derived mesenchymal stem cells (AdMSCs), the scaffold could 
support cell migration, proliferation, and differentiation in vitro [81]. Later, 
Peniche Silva et al. used this scaffold to treat a patellar enthesis defect in a rat 
model in vivo. The biphasic silk fibroin scaffold supported tissue growth and 
differentiation, allowing for the recapitulation of the patellar tendon-to-bone 
enthesis’s highly complex morphological features and mechanical properties, 
demonstrating the promising potential of silk fibroin-based scaffolds in tendon 
and enthesis-TE [82].

Additionally, it was shown in vitro that the described effects of the topological 
features of the obtained biphasic silk fibroin scaffold on seeded AdMSCs could 
be further enhanced by incorporating the growth factors TGF-β2 and GDF5 in 
the tendon and bony portion of the scaffold, respectively. The synergic effect 
of the scaffold morphology and the growth factors lead to a further increase in 
the differentiation of AdMSCs towards an enthesis phenotype and genotype in a 
zone-specific fashion. Furthermore, functionalization of the scaffold with heparin 
increased the retention of the growth factors onto the surface of the scaffold, 
allowing the maximisation of the observed biological effects [111].

Another attractive silk scaffold was developed and tested by Teuschl et al. 
Their rope-like version of a silk fiber-based scaffold effectively promoted 
osteointegration and de novo tissue formation [112, 113]. Although the treated 
tissue was a ligament-to-bone interphase on this occasion, more specifically the 
anterior cruciate ligament (ACL) and its enthesis, the same principle and similar 
design could be applied to treat the tendon-to-bone enthesis of small, round-
shaped tendons that integrate abruptly to the bone. In their study, Teuschl et 
al. created a multilayer silk scaffold with a core consisting of two strands of 
braided silk wrapped by a tubular sheathing structure. The scaffold was used 
to reconstruct the ACL in a sheep animal model. The ACL regeneration and 
osteointegration were evaluated for 12 months. It was observed that the ACL 
scaffold promoted the infiltration of regenerative cells from the surrounding 
tissues, which allowed for the regeneration of an ACL-like tissue that eventually 
would replace the scaffold after the complete degradation of the silk [112]. 
Furthermore, osteointegration was confirmed by forming a fibrous interzone 
at the scaffold-tibia insertion site, comparable to the tendon-to-bone healing 
observed after autographs and allographs [113].
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7	 CONCLUSIONS

Unlike bones or muscles, tendons have an inferior regeneration capacity. As a 
consequence, injured tendons and entheses take longer to heal, and usually, 
such healing does not regenerate the structure and mechanical properties of 
the native tissue. Tendon and enthesis-focused tissue engineering strategies 
have been directed to alleviate this situation by providing the injured tissue 
with the necessary architectural and biochemical cues in the shape of tissue-
engineered constructs to speed up and guide the regeneration process. The 
advantages of silk as a biomaterial for tendon and enthesis-TE, have been 
exploited throughout the last couple of decades to produce films, particles, 
hydrogel, scaffolds, and other biomimetic constructs designed to replicate 
the aligned and parallel orientation of the collagen fibers of the tendon or the 
stratified but interconnected morphology of the tendon-to-bone enthesis. 
The combination of the mechanical strength of silk with its high degree of 
biocompatibility and tunable degradation rate has allowed for the obtention of 
constructs with promising tendon/enthesis regenerative capacity. Additionally, 
the relatively well-standardized process of silk extraction and preparation, 
and the associated low production cost, make this protein a very attractive 
biomaterial for tendon and enthesis-TE applications. However, the natural origin 
of silk constitutes a challenge on its own. Different species of arthropods will 
produce silk proteins with different amino acid sequences, which can affect 
the mechanical properties and biocompatibility of the protein. Moreover, other 
individuals within the same species can produce silk proteins with different 
qualities. Therefore, reproducibility is often a concern that may get its answer in 
genetically engineered silk protein.

Nevertheless, the advantages of working with silk far exceed the disadvantages. 
One of the major perks of working with silk is the ability to produce composites 
by mixing silk with other relevant biomaterials or chemical factors. By doing so, 
properties such as biocompatibility, bioactivity, and biomechanics have been 
enhanced, and the regeneration capacity of the tissue-engineered construct 
has increased significantly. Such promising outcomes have inspired the creation 
of more complex and ambitious constructs that replicate with more detail the 
intricate biology of the tendon and the enthesis, allowing for a more precise 
recapitulation of the features of the native tissue, which usually translates into 
better healing.
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ABSTRACT

The interphase between tendon and bone consists of a highly specialized 
tissue called enthesis. Typically, the enthesis is described as a succession of four 
different zones: tendon, unmineralized fibrocartilage, mineralized fibrocartilage, 
and bone. However, the microstructure of the entheses, cellular composition, 
and mechanical properties, vary depending on their anatomical localization. The 
present study aimed to characterize three of the most relevant sites of enthesis 
injury in a rat model: the patellar tendon enthesis, the Achilles tendon enthesis, 
and the supraspinatus enthesis, in terms of biomechanics, histology, and genetic 
expression. The patellar enthesis presented the highest ultimate load and lowest 
stiffness of the three, while the supraspinatus was the weakest and stiffest. The 
histological characterization revealed key differences at the insertion site for each 
enthesis. The patellar enthesis showed a large cartilaginous area at the tendon-
to-bone interphase whilst this interphase was smaller in the supraspinatus 
entheses samples. Furthermore, the Achilles tendon enthesis displayed a more 
abrupt transition from tendon to bone. Additionally, each enthesis exhibited 
a particular and distinct pattern of expression of tenogenic, chondrogenic, 
and osteogenic markers. This study provided valuable insights for a better 
understanding of the three entheses at relevant anatomic sites. Moreover, 
the larger cross-sectional area of the patellar enthesis, the strong mechanical 
properties, and the easier surgical access to this localization lead us to conclude 
that the patellar tendon enthesis site could be most suitable for the development 
of a preclinical model for general enthesis regeneration studies in rats.
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1	 INTRODUCTION

The tendon attaches to bone through a highly specialized tissue called enthesis 
[1, 2]. The microscopical and macroscopical structures of the enthesis, its cellular 
composition, as well as the mechanical properties, vary depending on the 
anatomic localization to meet the mechanical demands at each insertion site 
[3]. Generally, the entheses can be classified as fibrous, or fibrocartilaginous 
entheses [2, 4, 5]. The fibrous entheses are common in tendons that attach 
directly to the bone or the bone’s periosteum such as the deltoid attachment 
to the humerus and the adductur magnus to the linea aspera of the femur [1]. 
Fibrocartilaginous entheses are more frequently found attaching tendons to 
long bone’s epiphyses or apophyses and are normally present at high-stress 
concentration sites associated with joint movement [4].

The majority of the entheses in the body are fibrocartilaginous entheses [4, 5]. 
Among these, the supraspinatus, the Achilles tendon, and the patellar tendon 
are considered some of the most frequent sites of enthesis injury due to acute 
trauma and/or tissue degeneration [6]. Regrettably, torn or injured entheses 
often require surgery, and the outcome of such is far from ideal, with high 
rupture recurrence rates and long-term complaints from the patients’ side [6, 7]. 
This occurs mostly because of the complexity of the fibrocartilaginous structure 
of the tendon-to-bone enthesis and the intricacy of entheses’ pathologies [7-9]. 
Additionally, the wide range of factors influencing the healing process of the 
different entheses varies from one anatomic localization to the other, as the 
risk factors and biology of the entheses are unique to the particular anatomic 
localization [6, 7, 10].

Important breakthroughs have been achieved in recent years by tissue engineers 
working on novel therapies to improve the healing of the tendon-to-bone 
entheses [11-15]. Most of these studies rely on the use of scaffolds or sponges 
combined with growth factors to promote the regeneration of the fibrocartilage 
zone of the enthesis [11, 16, 17]. Others, with limited success, have focused on the 
use of autografts and autologous periosteal flaps to regenerate the cartilaginous 
tendon-to-bone transition [18-20]. However, despite the efforts, the challenges 
still to overcome are many. They range from the lack of understanding of the 
development and healing mechanisms of the entheses to the need for a relevant 
animal model for the translation of novel treatments [6].

The use of experimental animals is an unfortunate yet necessary, phase in 
current biomedical research [21]. For many years, tissue engineers working 
on musculoskeletal regeneration have trusted animal-based research to learn, 
develop, and validate new concepts and novel therapies [14, 20, 22, 23]. Moreover, 

3
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enthesis-related research not only exploits different animal models but also 
focuses on different anatomical localizations [24-26], which makes the translation 
of the developed therapies somewhat difficult. This is why the establishment of a 
suitable animal model for entheses regeneration studies is of utmost importance 
to improve the quality of entheses research and the translation of new findings.

Focusing on this challenge, the present study aimed at the characterization in 
a rat model of the 3 most relevant sites of enthesis injury (i.e., patellar tendon, 
Achilles tendon, and supraspinatus) in terms of biomechanics, histology, and 
gene expression, to gain overall knowledge. This may help in the future to select 
one as the ultimate model for basic enthesis regeneration studies.

2	 MATERIALS AND METHODS

2.1	 Collection of explants
10 male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA, USA) 
weighing between 400 and 500 g (100–130 days of age) were used. The animals 
were sacrificed for reasons unrelated to our study while being in other studies 
that do not influence the enthesis.

After having received the sacrificed animals, sets of two samples of native 
(healthy) tendon-to-bone entheses from the patellar tendon, Achilles tendon, 
and supraspinatus tendon per rat were harvested for a total of 20 samples from 
each localization. The patellar enthesis sample included the patellar tendon and 
its insertion site at the tibia. The Achilles tendon-to-bone enthesis samples were 
harvested as a muscle-tendon unit containing the Achilles tendon and its insertion 
site into the calcaneus. Similarly, the supraspinatus samples comprised the 
supraspinatus tendon-muscle unit and its insertion site at the head of the humerus.

2.2	 Biomechanical measurements and testing
Samples to be used for mechanical testing (n=12 per localization) were wrapped 
in a gauze soaked with saline and stored in a 15 ml Falcon tube at -20°C until 
the day of testing [27].

Before the testing, samples were thawed for 4 hours at room temperature while 
kept moist with saline. Afterward, the tendon length of each sample, from the 
tendon origin at the muscle to the enthesis, and the enthesis cross-sectional 
area (width x depth) were measured with an electronic Vernier caliper (Model 
CD-8 ASX, Mitutoyo, Japan).

For the mechanical testing, a custom-made small biological specimen mechanical-
testing machine (Mayo Clinic, Rochester, MN, USA) with a 50 lbf loadcell limit 
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(Model MLP-2, Transducer Techniques, Temecula, CA, USA) and associated 
LabVIEW 2017 SP1 (National Instruments, Austin, TX, USA) was employed. 
Custom-made mounting fixtures were previously developed similar to other 
reported tissue testing clamps [28]. Samples from the Achilles tendon were tested 
through isolation of the calcaneus and ensuring the correct orientation of the 
tendon by utilizing custom-made foot support. The entheses samples from the 
patellar tendon and supraspinatus tendon were tested through clamping of the 
tibia and humerus respectively, allowing the alignment of the tendon. Custom-
built cryo-clamps were used in conjunction with dry ice powder to secure sample 
muscle attachments proximally (Figure 1 d.1 and d.2).

During the freezing period, the temperature of the entheses and the proximal 
and middle tendons was monitored by utilizing a TrueRMS multi-meter 
(TrueRMS Supermeter, Newport, RI, USA) to ensure optimal fixation. The optimal 
temperature for enthesis testing was determined in a previous study [27]. A mean 
temperature of -1°C at the proximal tendon region assured sufficient muscle 
freezing to prevent the muscle to slip from the clamps. All samples were tested 
at a mean temperature of 10°C at the enthesis region, which ensured that the 
testing could be performed reproducibly while the samples were not frozen. 
Samples were preloaded to 3N prior to 200 mm/min failure tensile test [27]. 
During the mechanical testing, enthesis tears were monitored in real-time with 
a consistent single operator throughout. No tears occurred in the tendon or the 
bony part of any of the specimens tested for each group.

3
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Figure 1. Representative images of the exposed entheses. (a) Patellar enthesis with 
associated tendon. (b) Achilles enthesis with associated tendon. (c) Supraspinatus enthesis 
with associated tendon. T and B indicate tendon and bone tissues at their respective sides 
of the enthesis. (d) Custom-made mechanical testing fixtures. d.1 Achilles enthesis fixture. 
Calf muscle is not yet mounted to cryo-clamp, d.2 Patellar and Supraspinatus testing set-up

Force-elongation curves were recorded, from which ultimate load (force at failure; 
N), stiffness (loading curve linear portion; N/mm), and tangent modulus ([force at 
failure/enthesis cross-sectional area]/[ultimate strain]; MPa) were calculated. Data 
were processed individually through Matlab 2016a (Mathworks, Natick, MA, USA), 
compiled in Microsoft Excel 2010 (Microsoft, Redmond, WA, USA), and statistically 
assessed by Graphpad Prism 8.0 (GraphPad Software, San Diego, CA, USA). 
Measurable data and calculated mechanical property data are reported through box 
plots (median, 1st, 3rd quartile ranges and outliers bounderies at 10-90 Percentile).

2.3	 Histology and Immunohistochemistry (IHC)
Samples from the three entheses (n=8 per localization) were fixated in 4% 
paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) for 48 h, rinsed with PBS, 
and decalcified in 10% buffered EDTA (Sigma Aldrich, St. Louis, MO, USA) for 
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28 days. Buffer was exchanged every two to three days and the endpoint of the 
decalcification was determined by macroscopic inspection. For this, the tissue 
samples were inspected every five days by gently compressing the bony area 
of the sample by hand until a gel-like consistency was attained from all angles. 
After reaching the point where no sharp edges or hard tissue were perceived 
by compression, one sample was selected, cut with a scalpel, and thoroughly 
inspected to confirm that the decalcification endpoint was attained. After 
decalcification, samples were dehydrated in an ethanol series and embedded 
in paraffin. Longitudinal cross-sections were sliced at a thickness of 7 µm using 
a Leica RM 2165 microtome (Leica Biosystems, Nussloch, Germany). Afterward, 
hematoxylin and eosin (H&E), safranin O, toluidin blue, and picrosirius red 
stainings were performed.

Briefly, samples were rehydrated in descending ethanol series and distilled water. 
For the H&E staining, samples were incubated with hematoxylin solution for 10 
mins and eosin for 2 mins (Carl Roth GmbH, Karlsruhe, Germany), dehydrated in 
ascending ethanol series, cleared with NeoClear-xylene substitute (Merck KGaA, 
Darmstadt, Germany), and mounted with UltraKit mounting media (Thermo 
Fisher Scientific, Landsmeer, the Netherlands). The toluidine blue staining 
was performed by incubating the rehydrated slides in a working solution of 
toluidine blue (0.1% Toluidine Blue, pH 2.5, Sigma Aldrich, St. Louis, MO, USA) 
for 3 min, followed by three washes with distilled water. Subsequently, the slides 
were dehydrated in an ascending ethanol series, cleared with NeoClear-xylene 
substitute, and mounted with Ultrakit mounting media.

For the safranin O staining, the rehydrated slides were stained with hematoxylin 
solution for 10 min, followed by 5 min staining with 0.1% fast green solution 
(Sigma Aldrich, St. Louis, MO, USA), rinsed with 0.1% acetic acid, and further 
stained with 0.1% safranin O solution for 10 min (Sigma Aldrich, St. Louis, MO, 
USA). Subsequently, the samples were dehydrated, cleared, and mounted as 
described before. The stained slides were imaged with a Nikon DS-Ri2 camera 
mounted on a Nikon Ti Slide Scanner Microscope (Nikon Instruments Europe 
BV, Amsterdam, the Netherlands).

The picrosirius red staining was conducted on slides that were previously 
rehydrated and stained with hematoxylin solution for 10 min. Incubation with 
0.1% picrosirius red working solution (Sigma Aldrich, St. Louis, MO, USA) was 
done for 1 h followed by two washes with acidified water. Later, the samples 
were dehydrated, cleared, and mounted as previously described. Imaging was 
done using an inverted Nikon Ti-S/L100 microscope (Nikon Instruments Europe 
BV, Amsterdam, the Netherlands).

3
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As part of the histological characterization, the orientation angle of the collagen 
fibers at the tendon-to-bone interphase of the enthesis was measured in the 
picrosirius-stained samples using Image J v1.53p (Nat. Inst. of Health, Bethesda, 
MD, USA). For this, the images of the stained samples were rotated to match 
the same orientation using the bony site of the entheses as the reference to set 
the horizontal line. Afterward, three different regions of interest (ROIs) were set 
at the tendon-to-bone interphase, ROI1 at the left end of the interphase, ROI2 
at the middle portion of the cross-section, and ROI3 at the right end of the 
interphase. The orientation angle of each ROI was measured using the Image 
J plugin Orientation J_Measure-v2.0.4. The values were imported to Microsoft 
Excel 2016 (Microsoft, Redmond, WA, USA), and the variability of the orientation 
angle among the three ROIs was calculated for each anatomical localization.

For the IHC, all primary and secondary antibodies (Table 1), as well as the DAPI 
(ab285390) staining solutions were purchased from Abcam (Cambridge, UK). 
Antigen retrieval was performed on the rehydrated samples by incubation in 
10 mM citrate buffer (pH 6) for 10 min at 95 °C followed by blocking with 1% 
BSA (Sigma Aldrich, St. Louis, USA) for 1 h at room temperature. Afterward, 
the slides were placed in a humidity chamber and incubated with the primary 
antibody diluted in blocking solution overnight at 4 °C, followed by incubation 
with the secondary antibody for 2 h at room temperature. Finally, counterstaining 
with DAPI was performed and the slides were mounted with Dako fluorescent 
mounting media (Agilent technology, Santa Clara, CA, USA).

The stained slides were imaged with a Nikon DS-Ri2 camera mounted on a 
Nikon Ti Slide Scanner Microscope (Nikon Instruments Europe BV, Amsterdam, 
the Netherlands).

Table 1. List of the antibodies and working dilutions used for IHC.

Name Abcam ID number Working dilution

Anti-collagen type I ab270993 1:250

Anti-collagen type II ab34712 1:50

Anti-collagen type III ab6310 1:250

Anti-collagen type X ab49945 1:100

Rabbit IgG isotype control ab172730 1:50

Mouse IgM isotype control ab18401 1:100

Mouse IgG1 isotype control ab170190 1:250

Alexa Fluor 647 Goat anti-rabbit ab190565 1:500

Alexa Fluor 647 Goat anti-mouse ab15015 1:500

Thesis Carlos - V3.indd   42Thesis Carlos - V3.indd   42 22-03-2024   10:4022-03-2024   10:40



43

Enthesis: Not the same in each Localization

2.4	 Gene expression.
Immediately after the mechanical testing, the muscle-tendon unit and bony 
portions of the tissue samples were separated from the entheses leaving only the 
respective tendon-to-bone insertion site at the bony end of the entheses (n=12). 
Then, the entheses samples were homogenized with stainless steel beads in the 
presence of TRIzolTM Reagent (Thermo Scientific, Waltham, MA, USA) using a 
Qiagen TissueLyser LT (Qiagen GmbH, Hilden, Germany) set at 50 Hz for periods 
of 5 mins following a step of snap freeze with liquid nitrogen.

The extraction of the total RNA was performed by the well-established phenol/
chloroform extraction protocol. The final concentration and purity of the obtained 
total RNA were measured with a BioDrop µLite UV/Vis spectrophotometer 
(BioDrop, Cambridge UK). The cut-off value for RNA purity (Ratios A260/230 
and 260/280) was set to 2.0. All the samples yielded values of A260/230 and 
260/280 ratios between 2.0 and 2.2.

The extracted RNA was the starting material for the cDNA synthesis. The cDNA 
synthesis was performed in a PeqLab Thermocycler (AvantorTM, Radnor, PA, USA) 
using the iScript cDNA synthesis kit (Bio-Rad Laboratories GmbH, Feldkirchen, 
Germany) following the manufacturer’s instructions. The reaction mix was 
prepared with 10 µl of RNA template (250 ng), 4 µl of 5x iScript Reaction Mix, 1 
µl of iScript Reverse transcription mix, and 5 µl of ultra-pure nuclease-free water 
for a total volume of 20 µl per reaction. The reaction mix was then incubated at 
25 oC for 5 min, followed by 46 oC for 20 min and 95 oC for 1 min.

The gene expression of a selection of tenogenic, chondrogenic, and osteogenic 
markers (Table 2) was analyzed by single SYBR Green-based Real-time 
quantitative PCRs. The RT-PCR reactions were performed in a CFX96 Real-Time 
System Thermocycler (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). For 
the RT-PCR reactions, 4 µl of cDNA template (5 ng) was added to the master mix 
containing: 10 µl of iQTM SYBER® Green Supermix (Bio-Rad Laboratories GmbH, 
Feldkirchen, Germany), 2 µl of forward primer, 2 µl of reverse primer (300 mM) 
and 2 µl of ultra-pure water for a reaction volume of 20 µl. PCR amplification 
was conducted by using the following program: 90 oC for 3 minutes and 40 
cycles of 95 oC for 10 sec, 55 oC for 30 sec, and 95 oC for 30 sec. A melting curve 
was performed at the end of the last amplification cycle. For the analysis of the 
results, the Ct values higher than 35 were considered unreliable and therefore, 
not included in the calculations of relative gene expression. Ct values ≤ 35 were 
exported to Microsoft Excel 2016 (Microsoft, Redmond, WA, USA), and the 
ratio of expression between reference and target gene was calculated as 2(-
∆CT) where ∆Ct was calculated as (Ct gene of interest - Ct reference gene). The 
statistical analysis of the gene expression was performed on the ∆Ct values and 
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assessed by GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). The 
normalized gene expression data are reported as dot blots indicating mean and 
standard deviation of the ratio of expression 2(-∆CT).

Table 2. Primers used for RT-PCRs

Target Forward 5’→3’ Reverse 5’→3’

Col1a1 TTTCCCCCAACCCTGGAAAC CAGTGGGCAGAAAGGGACTT

Col2a1 CACGCCTTCCCATTGTTGAC AGATAGTTCCTGTCTCCGCCT

Col3a1 TGCAATGTGGGACCTGGTTT GGGCAGTCTAGTGGCTCATC

Col10a1 TCCCAGGATTCCCTGGATCTAA TACCGCTGGGTAAGCTTTGG

Mkx GACGACGGCTGAAGAACACTG CCTCTTCGTTCATGTGAGTTCTTG

Tnmd GTCCCACAAGTGAAGGTGGA TTGCAAGGCATGATGACACG

Scx GACCGCACCAACAGCGTGAA GTGGACCCTCCTCCTTCTAACTTC

Fn1 CCCCAACTGGTTACCCTTCC TGGTTCGCCTAAAGCCATGT

Sparc CCTCAGACGGAAGCTGCAGAA ACCAGGACGTTTTTGAGCCA

Runx2 CAAGGAGGCCCTGGTGTTTA AAGAGGCTGTTTGACGCCAT

Sox9 CCTCCTACCCAACCATCACG GAGCTGTGTGTAGACGGGTT

β-Tubulin GAGGGCGAGGACGAGGCTTA TCTAACAGAGGCAAAACTGAGCA

β-tubulin was selected as the housekeeping gene by the ∆Ct method for 
reference genes [29]. This method allows comparing the relative expression 
of “pairs of genes” within each sample to identify useful housekeeping genes. 
For this, β-actin, β2-Microglobulin, lactate dehydrogenase A, ribosomal protein 
stalk subunit P1, and β-tubulin were compared. As a result of this comparison, 
b-tubulin was the highest-scoring gene and, thus the one with the most stable 
expression among our analyzed samples.

2.5	 Statistical analysis
Statistical analyisis was performed using GraphPad Prism 8.0 (GraphPad Software, 
San Diego, USA). Data were tested for normal distribution by the D’Agostino & 
Person and Shapiro-Wilk normality test. Since the data were normally distributed 
in all cases, statistically significant differences were determined by One-way 
ANOVA with Tukey’s multiple comparison test (p < 0.05).
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3	 RESULTS

3.1	 Mechanical testing
Before the biomechanical characterization, the length of the tendons of each 
enthesis and the entheses’ cross-sectional area were measured (Fig. 2a,b). On the 
one hand, the patellar tendon was significantly longer (p < 0.001) than that of 
the supraspinatus while the Achilles showed the longest tendon of the three (p 
< 0.001). On the other hand, the cross-sectional area at the bony insertion site of 
the patellar enthesis resulted to be the largest one of the three (p < 0.001) with 
the Achilles and supraspinatus displaying less than half of the patellar enthesis 
cross-sectional area. (Fig. 2a,b).

Figure 2. Measurements and biomechanics of the three native entheses. (a) Tendon length, 
(b) cross-sectional area, (c) ultimate load, (d) stiffness, (e) tangent Modulus. ****p < 0.0001.

The biomechanical testing revealed that the measured ultimate load (Fig. 2c) was 
similar in magnitude for the patellar and the Achilles entheses, which both had 
reported the longest tendons, whereas the supraspinatus with the shortest tendon 
of the three, resulted to be the weakest (p < 0.001). Conversely, the supraspinatus 
enthesis showed higher stiffness (p < 0.001) and higher tangent modulus whilst 
the patella and the Achilles were similar regarding both properties (Fig. 2d,e).

3.2	 Histology
The H&E, toluidine blue, and safranin O staining exposed differences in the 
morphology of the tendon-to-bone insertion site among the three localizations 
(Figures 3 and 4). The patellar enthesis exhibited a tendon-to-bone transition 
characterized by a proteoglycan-rich cartilaginous interphase between the tendon 
and the bony ends. The Achilles enthesis displayed a more abrupt transition 
from tendon to bone at the insertion site, while the supraspinatus presented a 
well-defined cartilage-like transition zone between the tendon and the bone.

The insertion angle of the collagen fibers from tendon to bone was determined 
using the picrosirius red-stained sections (Table 3). The orientation angles of the 
three ROIs measured for the Achilles and patellar entheses reported uniform 
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values. The variation of the orientation angle among the ROIs of the patellar and 
the Achilles entheses showed no significant differences. However, the variation of 
the orientation angle among the ROIs of the supraspinatus was significantly higher 
than the variation measured in the patellar and the Achilles entheses (p < 0.005).

Figure 3. Histological staining of native entheses. (a) Patella, (b) Achilles, (c) supraspinatus. 
Top row: hematoxylin and eosin. Bottom row: safranin O. T and B indicate tendon and 
bone tissues at their respective zone of the enthesis. Dashed squares indicate the 
magnified area. Scale bar = 100 µm.

Figure 4. Histological staining of native entheses. (a) Patella, (b) Achilles, (c) supraspinatus. 
Top row: toluidine blue. Bottom row: picrosirius red. T and B indicate tendon and bone 
tissues at their respective zone of the enthesis. Dashed squares indicate magnified area. 
Scale bar = 100 µm.
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Table 3. Orientation angle of the collagen fibers per localization. aValues with no statistical 
difference from one another. bValues with statistical differences from the others (p< 0.05).

Enthesis Orientation angle of  
the collagen fibers

Variation of orientation  
angle among ROIs

Achilles 41.14 ± 1.6 7.12 ± 2.24a

Patella 28.32 ± 5.25 3.19 ± 2.15a

 Supraspinatus 56.00 ± 8.60 19.68 ± 5.28b

The IHC for the extracellular matrix collagens showed that, in the three instances, 
tendon and bone tissue were rich in collagen type I while the interface between 
these two tissues was positively stained for collagen type II. Interestingly, none of 
the three entheses showed visible deposition of collagen type III nor type X (Fig. 5).

3.3	 Gene expression
The analysis of the gene expression from the three localizations revealed 
significant differences among them (Fig. 6). The expression of Col1a1 was 
significantly higher in the Achilles entheses samples than in the patellar and 
supraspinatus samples (p < 0.005 and p < 0.05 respectively), while the expression 
in the patellar entheses was not different from that of the supraspinatus.

Figure 5. Immunostaining of extracellular matrix collagens. Staining with Alexa Fluor 647 of 
the respective target antigen for each antibody. T and B indicate tendon and bone tissues 
at their respective sides of the enthesis. Counter staining with DAPI. Scale bar = 200 μm.
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Figure 6. Normalized gene expression at each location. (a) Col1a1, (b) Col2a1, (c) Col3a1, 
(d) Col10a1, (e) Mkx, (f) Tnmd, (g) Sox9, (h) Runx2, (i) Sparc, ( j) Scx and (k) Fn1. Reference 
gene used for normalization was β-tubulin. nd indicates non-detected, * p < 0.05, ** p 
< 0.005, *** p < 0.001. Lines indicate mean and standard deviation.

However, the expression of Col2a1 was similar for the patellar and the Achilles 
entheses and in both cases, higher than that measured in the supraspinatus 
samples (p < 0.05 and p < 0.005 respectively). Conversely, the expression of 
Col3a1 was the highest in the supraspinatus entheses samples (p < 0.001) while 
the entheses samples from the Achilles and the patella showed very similar levels 
of expression of Col3a1. Interestingly, Col10a1 was not detected in the samples 
from the supraspinatus entheses and the Col10a1 expression in the Achilles and 
patellar entheses was similar and rather low.

In addition to the collagens, other tenogenic, chondrogenic, and osteogenic 
markers were investigated (Fig. 6). The expression of Mkx and Tnmd was 
the highest in the Achilles samples (p < 0.05), while in the patella and the 
supraspinatus these two genes were found to be expressed at similar, lower 
levels. In the same way, Sox9, Runx2, and Sparc were highly expressed in the 
Achilles samples compared to the expression in the patella and supraspinatus 
entheses samples (p < 0.05). However, the expression of Scx was similar in the 
three localizations while the expression of Fn1 was the lowest in the patellar 
entheses samples, followed by the Achilles and reaching the highest levels of 
expression in the supraspinatus entheses samples (p < 0.05).
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4	 DISCUSSION

The intricate biology of the tendon-to-bone enthesis has fascinated orthopedics 
and tissue engineers for decades [30-32]. The focus of the vast majority of enthesis-
related studies lies on either the patellar enthesis, the Achilles tendon enthesis, or 
the supraspinatus enthesis [19, 33-36]. A plausible explanation for that is the fact 
that these three entheses are among the more frequently injured ones [1]. The 
present study aimed at a comparative characterization of all these three insertion 
sites using different techniques in one study. Overall, the aim was to select the 
ultimate anatomic localization for enthesis regeneration studies in the future.

Of the three analyzed anatomical localizations, the supraspinatus features the 
only intra-articular enthesis, while the patellar and Achilles tendons entheses 
are of extra-articular nature [6]. The intra-articular environment of the 
supraspinatus enthesis and its exposure to synovial fluid makes this insertion 
site an extraordinary challenging site for injury, susceptible to degenerative 
enthesopathies, and acute trauma [6, 37, 38]. Hence, this explains the abundance of 
clinical reports addressing supraspinatus tears. However, with the biomechanical 
characterization performed, it was observed the supraspinatus enthesis to be 
the smallest and weakest of the three. Furthermore, the supraspinatus enthesis 
at the rotator cuff is rather cumbersome to access surgically, which is especially 
relevant when working with animal models of relatively small size (e.g., mice and 
rats). Besides, entheses regeneration studies usually involve the development 
of sponges and multiphasic scaffolds to provide a physical space for the new 
tissue to grow upon the creation of an enthesis defect [12, 14, 26]. Therefore, the 
small size and weakness of the supraspinatus enthesis of adult rats impose an 
additional challenge during the in vivo evaluation of such scaffolds in this enthesis.

In the three investigated localizations, the first zone of the enthesis (i.e., end of the 
tendon) was characterized by an arrangement of longitudinally aligned collagen 
type I bundles, clearly visible in the picrosirius red staining. This observation is 
in line with previous descriptions of the supraspinatus enthesis [39], the Achilles 
tendon enthesis [40, 41], and the patellar tendon enthesis [42]. Comparatively, 
the second zone of the enthesis, known as the fibrocartilaginous transition zone, 
was the less evident in the Achilles tendon enthesis, where the collagen bundles 
seem to connect more abruptly to the bone. However, the toluidine blue staining 
did show some positive staining for cartilage in the Achilles tendon enthesis, 
especially in the upper section of the tendon-to-bone interphase. A similar 
observation was done by Shaw et al. in samples of human Achilles entheses [43]. 
In their study, they describe a narrow fibrocartilaginous area more prominent 
in the superior part of the tendon-to-bone attachement as well as a sesamoid 
fibrocartilage zone in the section of the tendon immediately adjacent to the 
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enthesis. This area is also visible in our safranin O staining of the deep section 
of the tendon, proximal to the calcaneus. Such zone, nearby the retro calcaneal 
bursa, is likely to be a high stress concentration point were the friction between 
the tendon and the calcaneus yields a more chondrogenic phenotype [43, 44]. 
Hence, the more cartilaginous appearance of the tissue in this area.

The transition from the second to the third zone of the enthesis was noticeably 
different between the patellar enthesis and the enthesis of the Achilles tendon 
and the supraspinatus. In the case of the patellar enthesis, the non-mineralized 
fibrocartilage area led to the large proteoglycan rich zone of the tibial cartilage. 
This transition was similar in morphology to the proliferative and pre-hypertrophic 
zones observed in the growth plate of joints [45], where the chondrocytes are 
typically tightly packaged and arrange themselves into longitudinal columns. 
Liu et al. described a similar morphology of the insertion of a patellar tendon in 
mice [46]. Such a large proteoglycan-rich area was not noticeable in the entheses 
of the supraspinatus and the Achilles tendons. Instead, in the supraspinatus 
enthesis, the aligned collagen bundles of the tendon were followed by a narrow 
fibrochondrogenic transition zone that abruptly connected to the trabecular 
bone. This morphology of the supraspinatus tendon enthesis was also described 
by Bedi et al. in mice [47]. In the case of the Achilles tendon enthesis, the narrow 
rows of chondrocytes in between the collagen bundles connected the tendon 
directly to the perichondrium of the calcaneus. This was also observed in human 
samples of Achilles tendon entheses [43]. Moreover, such a direct link has been 
described to be highly efficient in the dissipation of stress [5]. This is supported 
by our mechanical data since the Achilles enthesis showed the highest ultimate 
load per mm2 among the three studied localizations.

Interestingly, and despite the observed histological differences at the insertion 
sites between the patellar enthesis and the Achilles tendon enthesis, these two 
localizations showed comparable biomechanical properties. Both entheses 
were at least twice as strong and showed lower stiffness than the supraspinatus 
enthesis. Additionally, the variation of the orientation angle of the collagen fibers 
across the tendon-to-bone interphase of the Achilles and patellar enthesis was 
similar, while the supraspinatus showed a higher degree of variability of the 
orientation angle at the insertion site, which could contribute to the relatively 
poor performance of the supraspinatus enthesis during the tensile test. 
Furthermore, the insertion site of the patellar tendon displayed a cross-sectional 
area twice as big as that of the Achilles tendon and the supraspinatus entheses.

Up to this point, it is possible to argue that both the anatomy and biomechanical 
features of the rat patellar enthesis both support the selection of this enthesis 
to be used as a model for enthesis regeneration studies. Nevertheless, it is 
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worth pointing out that the ultimate load measured for the Achilles enthesis, 
if normalized to the enthesis cross-sectional area, is higher per mm2 than that 
measured for the patellar entheses samples.

The histological analysis confirmed type I collagen-rich tendons that were 
inserted into the bone through a type II collagen-rich transition zone for all the 
three entheses studied. Yet, no noticeable deposition of collagen type III nor 
type X was observed in any of the three localizations studied. Our observation 
is partially in line with that of Dyment et al. In their work, they compared the 
deposition of collagen type I, II, and X in the patellar tendon, supraspinatus 
tendon, and Achilles tendon entheses at different maturation stages (i.e., 
postnatal day 1, 2 weeks, and 4 weeks). They observed similar patterns of 
collagen type I deposition to that described in the present work. However, after 
4 weeks of entheses maturation, they did not observe collagen II expression 
at the enthesial interphase. Interestingly, the authors reported deposition of 
collagen type X within the mineralized fibrocartilage [48].

The gene expression data provided crucial insights into the collagen expression 
of the three localizations. On the one hand, the highest Col1a1 expression 
was measured in the Achilles entheses samples. Collagen type I is the major 
component of the extracellular matrix of the tendons and is for the most part, 
responsible for the mechanical properties of this tissue [49, 50]. The elevated 
expression of Col1a1 in the Achilles samples might explain the high ultimate 
load measured for this enthesis, which was comparable to that from the patellar 
enthesis while showing a fraction of the patellar tendon’s cross-sectional area. 
On the other hand, the expression of Col3a1 was the highest in the supraspinatus 
enthesis, which, displaying a similar cross-sectional area to that of the Achilles 
enthesis, performed poorly in the biomechanical test. In healthy tendons, collagen 
type III fibrils are associated with collagen type I [50]. However, disorganization 
and random orientation of the collagen type III fibers typically yield a weaker 
structure than collagen type I. The ratio of collagen type III/I has been shown 
to increase with aging and the presence of pathologies [51, 52].

The expression of the transcriptor factor Mkx was the highest in the Achilles 
enthesis. This observation goes in line with the Col1a1 expression pattern 
previously described since Mkx acts as a positive regulator of collagen type I 
expression [53]. In a similar way, the higher expression of Sox9 in the Achilles 
entheses samples could cause the high expression of Col2a1 in this localization, 
since the expression of collagen type II by chondrocytes at the enthesis is 
activated by the transcription factor Sox9 [54]. Interestingly, the gene expression 
of Col2a1 in the patellar enthesis was similar to that of the Achilles enthesis 
while the expression of Sox9 measured in the patellar sample was the lowest of 
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the three. However, the higher expression of Col2a1 in the patellar tendon and 
the Achilles tendon entheses compared to the supraspinatus entheses could be 
related to the higher compressive loads at which the patellar tendon and Achilles 
entheses are exposed due to their anatomical localizations [49, 55]. Nevertheless, 
the tendon–to–bone transition zone of the three analyzed entheses stained 
positive for collagen type II.

The expression of Scx was low in the three localizations and only three samples 
per group showed values of expression high enough to render Ct values lower 
than our Cut-off value of 35. However, such low expression of Scx was expected in 
our entheses samples since this early marker of tenogenesis is usually expressed in 
tendons during the stages of organogenesis or at the early stages of healing [56, 57].

Overal, each of the three entheses showed a very distinctive pattern of gene 
expression. On the one hand, samples from the Achilles enthesis consistently 
showed higher levels of expression of chondrogenic, osteogenic, and tenogenic 
markers than the other two localizations. On the other hand, the expression 
of chondrogenic markers in the supraspinatus entheses samples was relatively 
higher than in the patellar tendon entheses. The observed differences between 
the three analyzed entheses illustrate how anatomical localization and function 
dictate the mechanical properties, morphology, and local gene expression. 
Additionally, we have demonstrated that the three entheses are essentially 
different, thus, a unique model to study enthesis, as an organ, might not always 
be suitable. This is, undeniably, one major limitation that tissue engineers face 
when studying tendon-to-bone entheses, especially in small animal models. 
The gained insight into such differences facilitates the translation of pre-clinical 
investigation for specific enthesis injury sites. However, there are practical 
limitations to this study associated with the challenge of working with interphase 
tissues from small animal models. Ensuring a clean preparation of the enthesis 
is difficult. For our study, a single/same operator performed all the sample 
preparation to ensure consistency. This procedure was extensively rehearsed. 
The measurements of the entheses and tendons were performed by the same 
operator utilizing high-accuracy equipment to conduct all measurements. Cross-
sectional areas were assumed to be rectangular in nature and thus allowed 
standardization and assessment across the samples from each anatomic 
localization. We acknowledge this assumption as a limitation, however, we do 
not believe that higher accuracy assessments were practically feasible. Ultimately, 
the patellar samples showed the highest reported cross-sectional areas and thus 
expected higher failure loads corroborating our measurements.
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5	 CONCLUSION

The comparative characterization performed in the present study provides 
valuable insights for a better understanding of three entheses at relevant 
anatomic sites. To the best of the authors’ knowledge, such a direct comparison 
of entheses tissues corresponding to three different anatomical localizations 
has not been reported before. On the one hand, the gene expression analysis 
allowed to compare the expression patterns of genes important for the healing 
of tendon, cartilage, and bone tissue in the three investigated localizations. On 
the other hand, biomechanical evaluations revealed that the patellar tendon 
enthesis and the Achilles enthesis featured the highest ultimate load resistance 
combined with the lowest stiffness. However, the large cross-sectional area of 
the patellar tendon at the enthesis and the convenient surgical accessibility to 
the patellar region, allowed us to conclude that the patellar tendon enthesis site 
would be most suitable for the development of a preclinical model for general 
enthesis regeneration studies in rats.
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ABSTRACT

The use of multiphasic scaffolds to treat injured tendon-to-bone entheses has 
shown promising results in vitro. Here, we used two versions of a biphasic silk 
fibroin scaffold to treat an enthesis defect created in a rat patellar model in vivo. 
One version presented a mixed transition between the bony and the tendon end 
of the construct (S-MT) while this transition was abrupt in the second version (S-
AT). At 12 weeks after surgery, the S-MT scaffold promoted better healing of the 
injured enthesis, with minimal undesired ossification of the insertion area. The 
expression of tenogenic and chondrogenic markers was sustained for longer in 
the S-MT-treated group and the tangent modulus of the S-MT-treated samples 
was similar to the native tissue at 12 weeks while that of the S-AT-treated enthesis 
was lower. Our study highlights the important role of the transition zone of 
multiphasic scaffolds in the treatment of complex interphase tissues such as the 
tendon-to-bone enthesis.
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1	 INTRODUCTION

The enthesis is a fibrocartilaginous tissue that connects tendons and/or 
ligaments to bone. In particular, the tendon-to-bone enthesis is an interphase 
tissue that features a structural gradient of extracellular matrix (ECM). The 
opposing gradients of collagen molecule alignment and mineralization present 
at the enthesis allow smooth stress transfer from tendon to bone [1, 2]. This 
insertion site can be anatomically described as a succession of four different 
tissues/zones with region-specific cell types and mineral content [1]: tendon, 
non-mineralized fibrocartilage, mineralized fibrocartilage, and bone [2]. This 
structural complexity is essential for the enthesis’ function in the body; it allows 
the transfer of mechanical loads between tendon and bone tissue and reduces 
stress at the insertion site. Regrettably, once the tendon-to-bone enthesis 
is damaged, its native structure is often not regenerated, resulting in scar 
formation, with poor mechanical properties and high rupture recurrence rates 
[2-5]. This damage often needs surgical repair, in which the injured tendon is 
reattached to its binding site in the bone using sutures or bone anchors [3, 6], 
which has proven to be insufficient for promoting the regeneration of the native 
enthesis structure [3, 7-9], as it relies purely on the reincorporation of the tendon 
into the bone at the enthesis without promoting the regeneration of the native 
tendon-to-bone transition [3]. One additional complication associated with the 
surgical intervention is the subsequent mineralization of the tendon area, usually 
involving endochondral ossification [10, 11], reported in animal studies [12, 13] 
as well as patient treatments [14]. The latter described a significant percentage 
of patients suffering from tendon mineralization after open augmented repair 
of the Achilles tendon or reconstruction of the anterior cruciate ligament [14, 
15]. Tendon mineralization can result in pain and tendon weakness, increasing 
the probability of recurrent tendon/enthesis rupture in treated patients [10].

To overcome these limitations and to enhance the regeneration of the tendon-
to-bone enthesis, tissue engineering strategies are increasingly growing in 
popularity [2, 16-20]. The combination of cells, biomaterials, and growth factors 
has shown promising results in studies whereby bone, tendon, and the enthesis 
tissue have been engineered in vitro and in vivo [2, 8, 21-23]. In the case of the 
enthesis, special attention has been directed to the design of scaffolds that mimic 
its native structural properties and complexity [23-26].

One example describes the fabrication of a tri-phasic scaffold using different 
combinations of PLGA and bioactive glass. This material promoted zone-
specific distribution of cells in vitro [24] and stimulated fibrocartilage-like tissue 
deposition at the interphase region when evaluated in vivo [19]. Additionally, 
other reports of multiphasic scaffolds for enthesis regeneration describe 
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promising results only in vitro [27, 28], while others evaluated their constructs 
in vivo by implanting the scaffold subcutaneously rather than treating an actual 
enthesis defect [19, 29]. Thus, the in vivo evaluation of the functionality of such 
constructs for enthesis regeneration is still lacking.

Additionally, different manufacturing techniques and construct designs have 
been explored. For example, electrospinning is a widely used technique that 
allows the generation of fibers in the nanometer and micrometer range for the 
production of scaffolds [30-32]. However, it has been shown that the dense 
packing of fibers of electrospun scaffolds might result in poor cell infiltration and 
proliferation [33]. A similar limitation was reported by Lipner et al. when using 
an aligned electrospun PLGA scaffold with a mineral gradient in a rat model for 
supraspinatus tendon repair. As a result, the healing process was dominated by 
fibrosis and scar formation [34].

Although the fibrous morphology that is usually obtained in electrospun 
scaffolds mimics the fibrous morphology of tendon tissue, porous scaffolds 
mimic the 3D morphology of cartilage and bone tissue better [35-37].

Freeze-drying is a simple, cost-effective technique that allows the generation 
of porous scaffolds with a fair amount of control over the pore size and 
orientation [38, 39]. We have previously demonstrated that by combining 
directional freezing, freeze-drying, and salt leaching, it is possible to obtain 
biphasic scaffolds with the desired morphological structure and mechanical 
properties to mimic both, the tendon and bony morphology characteristic 
of the native enthesis [23]. Furthermore, we demonstrated that the obtained 
silk fibroin multiphasic scaffold for enthesis repair showed excellent in vitro 
biocompatibility and functionality [23, 36]. While designing our constructs, 
we exploited the formidable biomechanical properties and malleability of the 
silk fibroin, which allows the creation of scaffolds with high porosity without 
compromising the robustness of the construct. This is especially relevant for 
load-bearing scaffolds [23]. Additionally, this material shows a biocompatible, 
slow degradation rate due to proteolytic activity, that corresponds to the rate of 
new tissue deposition, which makes it ideal for tissue engineering applications 
[40, 41]. Interestingly, we observed a major impact of the interphase morphology 
on the mechanical properties of the scaffold [23]. Additionally, the presence of 
an interconnected transition zone promoted tissue-specific gene expression 
such as Col1a1, Col2a1, Col3a1, and Sox9 along the scaffold in adipose-derived 
mesenchymal stem cells [23]. Our investigations and that of other groups pointed 
out a crucial role of the interphase morphology in enthesis scaffolds for cellular 
proliferation, cytoskeleton reorganization, and possibly, cell differentiation [18, 
42, 43] in vitro. We hypothesize that the morphology of the transition zone in 
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engineered scaffolds will also have a significant impact on the healing process 
of the enthesis in vivo. Furthermore, we expect that the biocompatibility, the 
good mechanical properties, and tailorable degradability of the silk fibroin 
will play a favorable role for the healing process of the enthesis. Therefore, 
in this study, we developed a new enthesis injury model in the rat patella and 
enthesis defects were treated with silk fibroin multiphasic scaffolds that featured 
two distinctive interphase morphologies, smooth and abrupt. The fabrication 
technique was built upon our previously reported methodology [23]. Treated 
animals were observed for up to 12 weeks, and tissue healing was assessed 
using gene expression, µCT, histology, and mechanical testing. We found that 
a smooth transition between the bone and tendon-like phases of the enthesis 
scaffold induced region-specific cell morphology and matrix deposition, leading 
to de novo enthesis-like tissue formation.

2	 MATERIALS AND METHODS

2.1	 Biphasic Silk Fibroin Scaffolds
In the present study, a porous, biphasic silk fibroin scaffold featuring two distinct 
interface morphologies was used to treat a tendon-to-bone tissue defect at 
the enthesis site of a rat patella. The two different tendon-to-bone transitions 
recreated in the scaffolds featured either an abrupt phase transition or a mixed, 
smooth transition (Fig. 1A,B). Furthermore, the scaffolds feature site-mimicking 
structures and properties at the bony and the tendon sites. The scaffolds were 
fabricated using a methodology previously published by our group [23]. A 
complete characterization of the biphasic silk fibroin scaffolds, which included 
biomechanics and in vitro performance has been published in [23, 36].

Briefly, to produce the two versions of the biphasic scaffold, two different 
protocols were used. To obtain the scaffold with abrupt phase transition 
(hereafter termed as S-AT), the tendon zone of the scaffold, showing a lamellar-
like structure of longitudinally oriented pores, was obtained first by directional 
freezing followed by freeze-drying. The pore sizes were controlled by adjusting 
the cooling rate of the 8% fibroin solution contained inside the molds. Thereafter, 
the tendon-like part was placed on top of a mixture of 8% silk fibroin solution 
containing 0.2 g of NaCl. After allowing for fibroin gelation to occur, the NaCl 
particles were removed from the scaffold by salt leaching with ddH2O. A porous 
structure resembling bone architecture remained. The entire construct was 
frozen and freeze-dried. The final product consisted of a biphasic scaffold with 
an abrupt transition between the two distinct phases (Fig. 1A).

To obtain the scaffold with the mixed, smooth transition (hereafter termed 
as S-MT), the bony end of the scaffold showing randomly oriented pores was 
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produced first by salt leaching and freeze-drying as described for the S-AT 
scaffold in the second stage. Then, the bony-like sponge was placed at the 
bottom of a mold and covered with an 8% fibroin solution. Directional freezing 
was induced followed by freeze-drying to produce a zone of vertically oriented 
pores (tendon-like zone). This two-step approach yielded a biphasic scaffold 
with a large interconnected area of mixed porosity between the two types of 
pore orientation (Fig. 1B).

Figure 1. Schematic representation of the surgical approach. (A,B) Representative images 
of the biphasic silk fibroin scaffolds used for treatment, one with an interphase featuring 
an abrupt transition (S-AT) and one with an interphase presenting a mixed transition 
(S-MT; B). Scale bars represent 1 mm. (C) Exposure of the tendon and localization of 
the enthesis. Creation of the enthesis defect. (D) Scaffold implantation and fixation. (E) 
Representative image of the sample harvested at 12 weeks after surgery. (F) Timeline of 
surgery and subsequent times of observation. Specimens were collected for histology 
(n = 6) and biomechanics and PCR (n = 8). Samples at 12 weeks were also analyzed by µCT.

2.2	 Rat Patellar Defect Model
Male Sprague Dawley rats (n = 112; Charles River Laboratories, Wilmington, MA, 
USA) weighing 400 g (100–115 d of age) were used in this study. The animals 
were allowed 48 h of acclimatization after arrival in the animal facilities. This 
study was approved by the Institutional Animal Care and Use Committee (IACUC, 
Protocol A00002479-17).

Prior to surgery, rats were placed in an anesthesia induction chamber with 3–4% 
isoflurane and an O2 flow of 1.5–2.0 L/min. After reaching a deep anesthesia state, 
rats were transferred to a heat pad (37 °C). Anesthesia was maintained using a 
nose cone with 2–3% isoflurane and an O2 flow of 1.5–2.0 L/min. Anesthesia depth 
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was constantly monitored in addition to the respiration rate. Before starting 
the surgical procedure, rats received subcutaneous injections with Buprenex 
(0.6 mg/kg body weight) and cefazolin (50 mg/kg body weight). The right leg 
was shaved from the inguinal area up to the malleoli. The leg was disinfected 
with iodine and 70% ethanol. In supine position, the knee was moved to a 60° 
angle and the foot was fixed with tape to the operation table. A para-patellar 
longitudinal incision was made from the distal femur to the proximal tibia. The 
bursal tissue was lifted and opened using scissors, thereby exposing the patellar 
tendon. In order to keep the length of the patellar tendon similar to its original 
length after transection, a McLaughlin procedure was performed using a loop 
through a drill hole in the proximal tibia and around the patella. Two sutures 
were made on the medial and lateral side of the patellar tendon. Subsequently, 
the patellar tendon was detached from the tibial insertion using a scalpel. At 
the tibial insertion side, a defect in the bone was created using a Gigli saw. In 
the scaffold treatment groups (S-MT or S-AT), the scaffolds were oriented with 
the bony part to the tibial plateau and the tendon part towards the patellar 
tendon. The scaffolds were secured into the defect using sutures guided over 
the bony bridge using the mediolateral drill hole in the tibia. In addition to our 
scaffold-treated groups, two control groups were included. For the first control 
group (empty defect—ED), the defect was created in the enthesis as described 
above but nothing was inserted. The patellar tendon was sutured back over the 
bone defect. Thus, the sutures were directly going through the tendon and the 
bone. For the second control group (transversal cut—TC), a transversal cut at 
the tendon near the enthesis was performed without damaging the bone and 
no treatment was provided. The incision was closed in layers.

After surgery, the animals were placed in a 37 °C recovery chamber for 30 min 
before being placed back in their cages. Animals were allowed to freely move in 
their cages without any restriction or immobilization after surgery. The wounds 
were inspected daily for the first 5 d. After that, wounds were checked two 
times per week until the end of the observation period (12 weeks). The surgical 
approach and experimental design are summarized in Fig. 1.

2.3	 Mechanical Testing
For each of the four experimental groups, 14 animals were sacrificed at 4 and 
12 weeks after surgery. Of these, 8 rats per sample group and time point of 
observation were used for the biomechanics and PCR studies. After sacrificing 
the rats, entire muscle–tendon–bone units were harvested (the distal fourth of 
the quadriceps muscle, the tendon, and the entire tibia including fibula).

Samples from the contralateral uninjured/healthy patellar enthesis were also 
harvested to be used as native tissue controls.
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Before mechanical testing, the enthesis cross-sectional area (width ´ depth) 
and tendon length (muscle–tendon junction to bony insertion) were measured 
with an electronic CD-8 ASX Vernier caliper (Mitutoyo, Kawasaki, Japan). All 
measurements were conducted by a single operator. The sample length of 
interest was calculated as tendon length including the enthesis height.

Samples for mechanical testing were wrapped in a gauze soaked with saline and 
stored in a 15 mL Falcon tube at −20 °C until the day of testing [44]. Samples 
were thawed for 20–30 min at room temperature and kept moist with saline 
during the thawing period.

A custom-made, small biological specimen mechanical testing machine (Mayo 
Clinic, Rochester, NY, USA) with a MPL-2 50 lbf loadcell limit (Transducer 
Techniques, Temecula, CA, USA) and associated LabVIEW 2017 SP1 (National 
Instruments, Austin, TX, USA) was used for mechanical enthesis testing. The tibia 
was clamped by fixing the distal aspect rigidly whilst allowing neutral tendon 
alignment to the proximal attached muscle. The muscle was fixed by custom-
built cryo-clamps [45]. Just before testing, muscles were frozen using dry ice 
powder to secure sample muscle attachments proximally. The temperature of 
proximal and middle tendon sections, as well as the enthesis, was monitored 
by a TrueRMS Supermeter multimeter (True RMS, Newport, RI, USA) during 
the freezing period to achieve optimal fixation. The optimal temperature for 
enthesis testing had been determined previously in a test study [44]. A mean 
temperature of −1 °C at the proximal tendon region assured sufficient muscle 
freezing in order to avoid muscle slippage. With a mean temperature of 10 °C at 
the enthesis region, mechanical testing could be performed reproducibly while 
the enthesis was not frozen. Samples were preloaded to 3 N prior to 200 mm/
min failure tensile test [44]. Force–elongation curves were recorded, from which 
ultimate load (force at failure (N)), ultimate strain (elongation at failure/tendon 
length (%)), and tangent modulus ([force at failure/enthesis cross sectional area]/
[ultimate strain] (MPa)) were calculated. Data were processed individually through 
Matlab 2016a (Mathworks, Natick, MA, USA), and compiled in Microsoft Excel 
2010 (Microsoft, Redmond, WA, USA).

2.4	 Micro-Computed Tomography (μ-CT) Analysis
Entheses samples (n = 6 per each of the 4 groups) harvested at 12 weeks after 
surgery were scanned using a Skyscan 1176 μCT (Bruker, Kontich, Belgium) at 
90 kV and 277 µA. A 0.1 mm Cu filter was used. Images were acquired at a 
resolution of 35 µm. Image reconstruction was performed using NRecon v2.0.4 
(Bruker, Kontich, Belgium), and analysis was performed using CTAn v1.13 (Bruker, 
Kontich, Belgium). Briefly, a region of interest (ROI) was selected by excluding 
the patella and tibia bones but including the area of the enthesis defect. Next, 
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global thresholding of 90 to 255 was implemented for the binarization of images 
and further calculations using built-in algorithms in CTAn.

2.5	 Histology
Collected specimens at 4 and 12 weeks after surgery (n = 6 per group and time 
point) were decalcified in 10% buffered EDTA (Sigma Aldrich, St. Louis, MO, 
USA), dehydrated in ethanol, and embedded in paraffin. Longitudinal cross-
sections of the tendon-to-bone enthesis (thickness 7 µm) were sliced using the 
Leica RM 2165 microtome (Leica Biosystems, Nussloch, Germany). Subsequently, 
hematoxylin and eosin (H&E), and Safranin O stainings were performed. Briefly, 
after rehydration of the samples in descending ethanol series and distilled water, 
H&E staining was performed by incubating the slides with hematoxylin solution 
for 10 min and eosin for 2 min (Carl Roth GmbH, Karlsruhe, Germany). Thereafter, 
samples were dehydrated in ascending ethanol series, cleared with NeoClear-
xylene substitute (Merck KGaA, Darmstadt, Germany), and mounted with UltraKit 
mounting media (Thermo Fisher Scientific, Landsmeer, The Netherlands). This 
staining allows the visualization of tissue microanatomy by staining the nuclear 
components of the cells purplish blue and staining structures such as elastic 
fibers, collagens and muscle fibers different shades of pink.

For Safranin O staining, the rehydrated samples were stained with hematoxylin 
solution for 10 min followed by 5 min staining with fast green solution (Sigma 
Aldrich, St. Louis, MO, USA), rinsing with 0.1% acetic acid, and further staining 
with 0.1% Safranin O solution for 10 min (Sigma Aldrich, St. Louis, MO, USA). 
Subsequently, the samples were dehydrated, cleared, and mounted as described 
before. Safranin O staining is specific for cartilage tissue. Proteoglycan-rich 
cartilage stains orange to red (also the endochondral ossifications), nuclei are 
stained black and the background stains green to blue.

Additionally, sections were stained with Masson–Goldner trichrome using 
a commercial kit (Carl Roth GmbH, Karlsruhe, Germany) according to the 
manufacturer’s protocol. When using this staining, dense collagen areas such 
as old bone appear dark green while cartilage and newly formed collagen-rich 
tissues appear pale green. Muscle and cell cytoplasm are stained red.

Images were taken with a Nikon DS-Ri2 camera mounted on a Nikon Ti 
Slide Scanner Microscope (Nikon Instruments Europe BV, Amsterdam, The 
Netherlands). In addition, sections were stained with picrosirius red to visualize 
collagens and their alignment by highlighting the natural birefringence of 
collagen fibers when exposed to polarized light. For the staining, sections were 
incubated for 1 h in a picric acid-saturated sirius red solution (Sigma Aldrich, 
St. Louis, MO, USA). Next, several washing steps were performed with acidified 
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water. Finally, excess water was removed and sections were dehydrated further 
cleared in xylene, and mounted with a cover slip. Images were taken under 
polarized light microscopy in an Olympus IX83 inverted microscope (Olympus, 
Westborough, MA, USA) using the cellSens Dimension Desktop software v2.2 
(Olympus, Westborough, MA, USA).

2.6	 Gene Expression; qPCR Array
Immediately after processing the samples for biomechanics, the tissue was 
harvested for the qPCRs (n = 8 per group and time point) in RNALater® solution 
(Sigma Aldrich, St. Louis, MO, USA). In order to guarantee that the quality of the 
RNA extracted from these samples would be as required by scientific standards, 
the equipment used for biomechanics, sample holder, and working table and 
surroundings were cleaned with ethanol 70% and RNAse AWAY® (Sigma Aldrich, 
St. Louis, MO, USA) prior mechanical testing and between each sample. In addition 
to the samples of the treatment and control groups, samples from the healthy/
native patellar enthesis of each rat were also included as controls (n = 8). The 
samples were homogenized with steel beads in TRIzol (Sigma Aldrich, St. Louis, 
MO, USA) using a TissueLyser II set to 3 min at 30 Hz (Qiagen GmbH, Hilden, 
Germany). Total RNA isolation was performed by phenol-chloroform extraction. 
The concentration and purity of the RNA were measured using a NanoDrop 
spectrophotometer (NanoDrop Tech. Inc., Greenville, SC, USA). A baseline for RNA 
purity values was set to be 1.7 for the ratio 260/230 and 1.8 for the ratio 260/280. 
Samples showing lower purity values than the baseline were further purified with 
the Monarch RNA cleanup kit (New England BioLabs GmbH, Frankfurt, Germany). 
The final purity values of all RNA samples used were, in every case, according to 
scientific quality standards. cDNA synthesis was performed using the RT2 First 
Strand Kit (Qiagen GmbH, Hilden, Germany) in a C1000 Touch Thermal Cycler 
(Eppendorf AG, Hamburg, Germany) following the manufacturer’s instructions. 
The Osteogenic RT2 Profiler PCR arrays (PARN-026Z) and the RT2 SYBR Green 
Mastermix were purchased from Qiagen (Qiagen GmbH, Hilden, Germany). 
PCR assays were performed in a CFX 96 Real-Time System thermocycler (Bio-
Rad, Hercules, CA, USA) following the instructions of the manufacturer. The 
melting curves displayed a well-defined single distinct peak for each amplified 
gene, indicating that the amplified PCR products are single discrete species.

Ct values were exported to an Excel file following Qiagen’s instructions. This 
table was then uploaded to Qiagen’s data analysis web portal at http://www.
qiagen.com/geneglobe, accessed on 6 June 2021. Samples were assigned to 
control (native tissue) and test groups (ED, TC, S-AT, and S-MT). Ct values were 
normalized against the arithmetic mean of the Ct values from the reference 
genes Ldha and Rplp1 included in the array setup.
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The lower limit of detection was set to a Ct value of 35 using the “Set Cut-off” 
function in the web analysis portal. This function defines the upper limit of useful 
Ct values in calculating the fold change. All raw undetermined Ct values or Ct 
values greater than the set Ct cut-off value were automatically changed to the 
cut-off value. For the fold change calculations, genes that were not detected or 
showed a Ct value greater than the set cut-off value for both the control and test 
group samples were not considered. The data analysis web portal calculated fold 
change/regulation by means of the widely used delta delta Ct method (∆∆Ct), 
in which ∆Ct is calculated as the difference between the Ct value of a gene of 
interest and that of a reference gene followed by ∆∆Ct calculations (∆Ct(Test 
Group) − ∆Ct(Control Group)). The fold change was then calculated using the 2(-
∆∆Ct) formula. Treated data are displayed as fold regulation (FR) as this makes it 
easier to read and interpret. FR is the same as fold change (FC) for FC values > 1. 
For FC values < 1, FR is the inverse negative of FC. Additionally, a heat map was 
generated using Qiagen’s data analysis web portal that indicates with a gradient 
of color from green to black to red, the fold regulation of each gene compared 
to the expression in the native tissue. Black indicates the same expression as 
native, grey indicates no expression, green indicates downregulation of the gene 
expression compared to the native tissue, and red indicates upregulation of the 
gene expression compared to the native tissue.

2.7	 Statistical Analysis
The statistical analysis was performed using the GraphPad Prism 8.3.0 Software 
(GraphPad Software, San Diego, CA, USA). Measurable data are displayed as the 
mean ± SD.

For mechanical testing, the data on calculated mechanical properties are 
displayed through box plots (median, 1st, 3rd quartile ranges and outliers > 1.5 
× IQR + Q 1/3). Statistical significance was determined by Kruskal–Wallis test 
and Dunn’s multiple comparisons test, with a p value < 0.05 indicating statistical 
significance. The μ-CT data were analyzed using a one-way analysis of variance 
(df = 4; F = 4.139) followed by Dunnett’s multiple comparison test, with a p value 
< 0.05 indicating statistical significance.

3	 RESULTS

3.1	 Rat Patellar Injury and Scaffold Treatment
All operations were successfully completed. All animals in all groups (i.e., scaffold 
abrupt transition, S-AT; mixed and smooth transition, S-MT; empty defect, ED; 
transversal cut, TC) remained healthy, assessed by twice-weekly checks, during 
the experimental period up to 12 weeks.
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3.2	 Mechanical Testing
The measurements of the associated tendon length at 4 and 12 weeks after 
surgery showed no significant differences between the scaffold-treated groups 
and the native tissue (Fig. 2A), while the cross-sectional area measured in the 
scaffold-treated groups and the controls was significantly larger (p < 0.005) than 
that of the native enthesis (Fig. 2B). Native tissue at 4 weeks after surgery showed 
the highest ultimate load compared to the S-MT, S-AT and TC groups (p < 0.005). 
The ED group was the exception, displaying values of ultimate load comparable 
to the native tissue as early as at 4 weeks after surgery. However, this result was 
not dependent on the tissue but solely on the suture material since the tendon 
was directly sutured back to the bone defect. In the scaffold-treated groups, the 
sutures did not go through the tendon nor through the scaffold. Thereby, the ED 
group seems to outperform the scaffold-treated groups. However, samples taken 
at 12 weeks after surgery from the scaffold-treated groups had similar ultimate 
loads as native tissue (Fig. 2C). Similarly, the tangent modulus determined for the 
scaffold-treated groups at 4 weeks after surgery was lower (p < 0.05) than that of 
the native tissue (Fig. 2D). Nevertheless, 12 weeks after surgery, the group treated 
with the S-MT scaffold showed a significant increase in the tangent modulus to 
values no longer statistically different to that of the native tissue, while the tangent 
modulus of the group treated with the S-AT scaffold remained lower (p < 0.01).

Figure 2. Measurements and mechanical testing of the samples at 4 and 12 weeks 
after surgery. (A) Tendon length, (B) enthesis cross sectional area, (C) ultimate load, and 
(D) tangent modulus. Tukey’s box plots show 1st and 3rd quartile, median and outliers 
from eight samples. Significant differences with respect to the native tissue are shown. 
Obtained p values are indicated as * for p < 0.05 and outliers are indicated by (▲).
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3.3	 Micro-Computed Tomography (μCT) Analysis
µCT analysis performed at 12 weeks after surgery allowed the quantitative 
comparison of ectopic mineralization, an undesired complication during healing 
[10, 46-48], occurring in the tendon area of the samples from the treatments and 
control groups relative to native tissue (Fig. 3). This analysis revealed that the 
mineralization occurring in the tendon area of the samples treated with the S-MT 
scaffold was rather low and not of statistical significance. However, a significantly 
larger degree of mineralization was detected in the tendon of the samples from 
the TC and the S-AT groups (p < 0.05). Surprisingly, the control group ED showed 
a reasonably low degree of mineralization in the tendon.

Figure 3. (A) µCT scans of the specimens harvested at 12 weeks after surgery. Detected 
ossification in the tendon tissue is indicated with dashed squares. (B) Comparison of 
bone volume (ossification) found in the tendon tissue for each of the treatment groups 
(S-AT with abrupt transition and S-MT with mixed transition) and the control groups (TC, 
transversal cut; ED, empty defect). Bone volume calculations are expressed relative to 
native tissue, with statistically significant differences denoted * p ≤ 0.05 from 6 samples.

3.4	 Histology
The histology performed on the samples treated with the S-MT scaffold revealed 
a smooth transition from the tendon to the bone in the insertion site as early 
as 4 weeks after scaffold implantation (Figures 4B, 5B and 6B). Furthermore, the 
Masson–Goldner trichrome staining showed that at 12 weeks after surgery, the 
samples treated with the S-MT scaffold presented a fully restored native-like 
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pattern of collagen deposition in the enthesis (Fig. 6B). Moreover, H&E staining 
of the newly regenerated tissue in the S-MT samples revealed a longitudinal 
alignment of the Sharpey fibers in the tendon area of the enthesis similar to that 
observed in the native tissue (Fig. 4B). Such a particular pattern was not observed 
in neither the samples of the S-AT nor in those from the control groups.

Safranin O staining revealed sites of cartilage deposition and endochondral 
ossification in the ED, TC, and S-AT groups that were absent in the S-MT 
group at both analyzed time points (Fig. 5). The group treated with the S-AT 
scaffold developed some ossification in the shape of a bulky bony structure 
that protruded into the tendon area at the insertion site of the enthesis, as well 
as some isolated spots near the enthesis, where mineralization in the tendon 
region was visible (Fig. 5C, 6C). A similar ossification pattern at the insertion site 
was also visible in the control groups (Fig. 5, 6). Additionally, both control groups 
developed scattered mineralization regions in the tendon area, particularly at 
12 weeks after surgery.

Picrosirius red staining of the collagen fibers in the samples treated with the 
S-MT scaffold (Fig. 7B) confirmed the observations described above, highlighting 
a zone of longitudinally aligned collagen fibers in the tendon part of the enthesis 
at 4 weeks after surgery. At 12 weeks after surgery, these samples showed 
abundant staining of tightly packed collagen fibers where the scaffold had been 
implanted. This result indicated that the transition zone present in the S-MT 
scaffold effectively promoted the deposition and organization of the collagen 
fibers in the newly formed enthesis. In contrast, picrosirius red staining of the 
samples treated with the S-AT scaffold (Fig. 7C) showed a lower presence of 
collagen fibers in the defect region compared to the S-MT-treated group at 
4 weeks. The differences between the two treatment groups remained visible 
at 12 weeks after surgery, with the S-AT-treated group showing a mesh-like 
pattern of collagen deposition in the defect site rather than the aligned and 
more homogenous pattern observed in the S-MT-treated group. Furthermore, 
both control groups showed a more disorganized and heterogenous collagen 
deposition pattern in the defect zone (Fig. 7D, E), more in line with tissue 
scarification than with the regeneration of the native enthesis tissue structure.
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Figure 4. H&E staining. Representative images of the histological analysis of enthesis 
defects at the patellar region at 4 (left pairs) and 12 weeks (right pairs) after surgery, in (A) 
native enthesis, (B) S-MT with mixed transition, (C) S-AT with abrupt transition, (D) empty 
defect, and (E) transversal cut at enthesis site. Extracellular collagens and muscle fibers 
appear stained with different shades of pink. Dashed squares in the left pairs indicate 
the locations of the magnified areas shown on the respective right. Scale bars = 800 µm.

4

Thesis Carlos - V3.indd   73Thesis Carlos - V3.indd   73 22-03-2024   10:4122-03-2024   10:41



74

Chapter 4

Figure. 5. Safranin O staining. Representative images of the histological analysis of 
enthesis defects at the patellar region at 4 (left pairs) and 12 weeks (right pairs) after 
surgery, in (A) native enthesis, (B) S-MT with mixed transition, (C) S-AT with abrupt 
transition, (D) empty defect, and (E) transversal cut at enthesis site. Proteoglycan-rich 
cartilage appears red (here the orange to red color indicates endochondral ossification), 
and background appears blue. Dashed squares in the left pairs indicate the locations of 
the magnified areas shown on the respective right. Scale bars = 800 µm.
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Figure 6. Masson–Goldner trichrome staining. Representative images of the histological 
analysis of enthesis defects at the patellar region at 4 (left pairs) and 12 weeks (right pairs) 
after surgery, in (A) native enthesis, (B) S-MT with mixed transition, (C) S-AT with abrupt 
transition, (D) empty defect, and (E) transversal cut at enthesis site. Dense collagen areas 
appear dark green, cartilage and newly formed collagen-rich tissue appears pale green. 
Muscle and cell cytoplasm are stained red. Dashed squares in the left pairs indicate the 
locations of the magnified areas shown on the respective right. Scale bars = 800 µm.
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Figure 7. Picrosirius red staining. Representative images of the histological analysis of 
enthesis defects at the patellar region at 4 (left pairs) and 12 weeks (right pairs) after surgery, 
in (A) native enthesis, (B) S-MT with mixed transition, (C) S-AT with abrupt transition, (D) 
empty defect, and (E) transversal cut at enthesis site. Dashed squares in the left pairs indicate 
the locations of the magnified areas shown on the respective right. Scale bars = 800 µm.
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3.5	 Gene Expression; qPCR Array
The gene expression signature of 84 osteogenic and ECM-relevant genes was 
analyzed using RT-qPCR arrays. The fold regulation of the expression was 
determined with respect to the expression in the native tissue for genes with 
a Ct value ≤ 35. The cut-off for fold regulation was set at 2 fold. The top 10 
upregulated and downregulated genes for each sample group are shown in 
Appendix A Tables A1 and A2, respectively. The heat map shows the genes that 
were downregulated for each group compared to the native tissue in green. 
Conversely, the heat map shows upregulated genes compared to the native 
tissue in red. Additionally, black indicates the same expression as native tissue 
and grey indicates undetected genes/no expression. The samples treated with 
the S-AT and S-MT scaffolds showed similar patterns of gene expression at 4 
weeks after surgery (Fig. 8A, C). At this time point, key genes identified to play 
an important role in tissue remodeling, tendon, and cartilage formation, and 
extracellular matrix deposition (e.g., Col1a1, Col2a1, Col3a1, Col5a1, Col6a1, Ctsk, 
Mmp2, Serpinh1 and Spp1) were upregulated by several folds in both scaffold-
treated groups compared to native expression. On the contrary, the osteogenic 
markers Bmp2, Bmp6, and Bmp7 were not expressed in the samples treated with 
the S-MT and S-AT scaffolds while Bmp-4 was downregulated by 4.5 fold in the 
S-AT group and not expressed in the S-MT group. In addition, the osteogenic 
marker Runx2 was downregulated or expressed at levels similar to native in both 
treatment groups at this time point: by 2.3 fold in the S-AT-treated group and 
by 1.9 fold in the S-MT group.

Interestingly, at 12 weeks after surgery, the gene expression pattern of the 
samples treated with the S-MT scaffold was substantially different from that of 
the S-AT group (Fig. 8B, D). At this time point, the samples treated with the S-MT 
scaffold showed a further increase in the upregulation of ECM-relevant genes 
(e.g., Col1a1, Col2a1, Col3a1, Col5a1 and Col6a1) compared to the already high 
expression of those genes at week 4. Similarly, the expression of Ctsk, Mmp2 and 
Spp1 increased from week 4 to week 12 in magnitudes of 23.1, 7.9, and 110 fold, 
respectively. Additionally, at 12 weeks after surgery, the samples from the S-MT 
group showed the downregulation of many of the osteogenic genes included 
in the array (Bglap, BMP2, BMP6 and BMP7).

In contrast, in the S-AT group, genes upregulated at 4 weeks (e.g., Col1a1, Col2a1, 
Col3a1, Col5a1 and Col6a1) were strongly downregulated at 12 weeks after 
surgery. Moreover, the expression of Ctsk, Mmp2 and Spp1 was downregulated 
by 12.9, 10.2 and 28.3 fold, respectively, compared to at 4 weeks. Additionally, 
the expression of Serpinh1 decreased in the S-AT-treated group to 1.7 fold but 
remained upregulated by 4.7 fold in the S-MT group at 12 weeks after surgery.
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Both control groups exhibited a strong downregulation of the majority of the 
genes included in the array at 4 weeks after surgery. Of the 84 genes, 42 and 
57 genes were not expressed in the ED and TC groups, respectively (Figure 
8E,G). From genes detected within our set Ct cut-off value, of relevance was the 
upregulation of Col2a1, Bgn, and Spp1 in the samples of both control groups, 
compared to native expression. Additionally, Bmp1 was upregulated by 6.0 fold in 
the TC group while its expression remained low in the ED group at the same time 
point. Conversely, the expression of Col1a1, Col3a1 and Col5a1 was upregulated 
in the ED group at 4 weeks but downregulated in the TC group at the same time 
point. The overall gene expression of the TC group at 12 weeks after surgery 
was similar to that observed at 4 weeks, with a few of the non-expressed genes 
at 4 weeks showing a small upregulation at 12 weeks (Fig. 8H). The expression 
measured in the ED group showed a pattern of expression close to that observed 
in the native tissue (black boxes in the heatmap), lacking values of (extreme) 
down- or upregulation that are typically observed in regenerating tissue. 
However, some osteogenic genes such as BMP1, BMPr1a, Bglap and Runx2 were 
among the few upregulated genes in the ED group at 12 weeks after surgery.

Figure 8 (next page). Gene expression in explanted samples at 4 weeks (left column) and 
12 weeks (right column) after implantation (n = 8). (Top table) Plate layout with 84 genes 
investigated. Heat maps represent fold regulation of the gene expression compared to 
native tissue. Green indicates downregulation, red indicates upregulation, grey* indicates 
undetected expression and black indicates native levels of expression (= no regulation 
compared to native tissue). (A,B) S-MT, silk scaffold with mixed transition; (C,D) S-AT, silk 
scaffold with abrupt transition; (E,F) ED, empty defect; (G,H) TC, transversal cut.
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4	 DISCUSSION

Interphase tissues, such as the enthesis, have a high incidence of injuries due 
to their anatomic role [8, 17, 49]. The reconstruction of such a complex tissue 
remains among the major current orthopedic challenges [3, 8, 48]. Among the 
many different approaches followed by tissue engineers to address enthesis 
regeneration, the utilization of biomimetic constructs to treat enthesopathies 
has shown promising results in many in vitro studies [20, 23, 26, 50]. In a previous 
study, we investigated the impact of the morphology of the transition zone of 
a biphasic silk fib]roin scaffold on cell proliferation and gene expression in vitro 
[23]. Following a similar approach but different techniques and materials, others 
have confirmed our previous observations that a biphasic construct presenting 
an aligned arrangement of fibers towards one end of the construct (tendon-like), 
and a disorganized pattern of fibers towards the opposite end (bone-like) can 
effectively promote cell alignment and organization, and gene expression in 
vitro, that mimics the tissue-specific gene expression and cell distribution and 
orientation observed in the healthy enthesis [51, 52].

However, evidence of the potential application of these constructs in vivo is still 
scarce. For example, Spalazzi and collaborators investigated their developed 
multiphasic scaffold in vivo concerning the improvement of the healing of 
interphase tissues [19]. Although this in vivo study demonstrated the effectiveness 
of their construct’s design in stimulating matrix heterogeneity and fibrocartilage 
formation, it was conducted in an ectopic, subcutaneous athymic rat model, 
rather than in an orthotopic, injured enthesis model. The lack of in vivo studies 
exclusively addressing the use of biomimetic constructs to heal injured enthesis 
has been acknowledged as a challenge still to overcome [3, 53]. We have tried 
to fill in part of that gap in the present study.

Here, we have demonstrated that the morphology of the transition zone of a 
biphasic scaffold plays a significant role in promoting and directing the enthesis 
regeneration in vivo. Our research demonstrates that the treatment of an enthesis 
defect with our S-MT scaffold improved enthesis regeneration, allowing the 
injured tissue to develop mechanical properties and histological features that 
resembled that of the native enthesis at 12 weeks after surgery. We have also 
made evident that the conventional suture method used to treat the ED group 
fails to regenerate a native-like enthesis tissue. The histological assessment of 
these samples clearly demonstrated that reattaching directly the tendon to the 
bone leads to endochondral ossification and the native, microscopic structure 
is not restored (Figures 3–5).
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Moreover, the analysis of the gene expression of the scaffold-treated groups 
revealed that, while both scaffolds were able to promote the expression of 
relevant entheses markers at 4 weeks after surgery, only the samples from the 
S-MT group sustained this upregulation at 12 weeks (Fig. 8). Relevant genes for 
tendon and enthesis regeneration, such as Col1a1, Col1a2, Col3a1, Col5a1, Col6a1, 
Bgn, Fn1, Serphinh1 and Mmp2, were upregulated several folds in the samples 
of the S-MT scaffold group compared to native and to the ED group (Fig. 7). 
Additionally, the performed array included osteogenic genes such as Bglap, Bmp2, 
Bmp6 and Bmp7, all of which were strongly downregulated in the S-MT group 
compared to the ED group, which is a wanted feature. This could well indicate 
lower osteogenic activity at the enthesis area in the S-MT group compared to 
the ED, which may favor the regeneration of the cartilaginous transition at the 
tendon-to-bone insertion site retaining low chances of endochondral ossification 
at the enthesis or tendon sites.

Collagens type 1, type 2, type 3, and type 10 are the most abundant collagens 
at the enthesis and they are responsible for the mechanical features of this 
tissue [54]. Our gene expression study revealed that the expression of many 
of these collagens was sustained for longer in the samples treated with the 
S-MT scaffold than in the samples from the S-AT group and the control groups. 
Additionally, Col5a1, Col6a1 and Bgn were also upregulated at both time points 
of observation in the S-MT-treated groups. These ECM markers play a pivotal 
role during tendon healing by stabilizing the fibril structure of collagen type 
1 in healing tendons [55, 56]. Likewise, the S-MT group exhibited sustained 
upregulation of other ECM-relevant genes for at least 12 weeks after surgery. 
This includes the procollagen-specific chaperone Serpinh1, which plays a key role 
in the assembly of triple-helical procollagen molecules [57], as well as Mmp2 
and Tgfbr1, which are known to be essential for ECM remodeling and the tendon 
healing process of acute injury [58-60]. In contrast, a strong downregulation of 
ECM-relevant genes was observed in the S-AT group at 12 weeks. Together with 
the lower tangent modulus measured for the explanted samples of this group, 
these data might indicate that the abrupt transition between the two phases of 
the S-AT scaffold failed to stimulate the levels of gene expression required to 
achieve effective enthesis repair and native-like mechanical properties in vivo.

The very good performance of our S-MT scaffold was also demonstrated by the 
significantly lower presence of ossification at the insertion site of the tendon 
compared to the S-AT-treated group and the control groups (Fig. 3). According 
to the µCT scans, the ED group also showed lower ectopic ossification than the 
S-AT in the tendon area. Nevertheless, ossification was still present. We should 
point out, however, that we observed high variability between bone volume 
formations within the same tested group. This variability is most likely associated 
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with the set region of interest (ROI) that delimited the defect area. The ROI was 
set by excluding the patella and tibia and including only the area of the enthesis 
defect. To ensure that all samples were treated similarly, and to avoid biased 
ROI selection, the same ROI was applied to all the samples analyzed. This comes 
with the limitation where the boundaries of the ROI, in some instances, failed to 
exclude the totality of the patella and/or tibia due to minor differences in sample 
size, sample orientation, and/or shape of the defect. Although differences were 
minor, this managed to increase the variability in the calculation of bone volume. 
We acknowledge this as a limitation of the utilized method to measure bone 
volume, but we believe that a more accurate measurement in such samples was 
not practically feasible.

The histological assessment of the ED group showed that ossification in 
this group occurred ectopically, and such ossification was not visible in the 
histological assessment of the S-MT samples. Heterotopic bone formation and 
mineralization are detrimental phenomena during tendon and enthesis healing 
[10, 46-48], for which no effective treatment has been yet developed [47]. In 
our study, ossification at the enthesis, as well as isolated mineralization spots in 
the tendon region, was observed in the histological assessment of the samples 
from the S-AT groups and the ED and TC control groups. In line with these 
observations, we identified an upregulation of Bgn and Bmp1 in the samples of 
those groups at 4 weeks after surgery. In particular, the samples of the TC control 
group, which developed the largest amount of mineralization in the tendon 
region of the enthesis, showed sustained upregulation of Bgn and Bmp1 at 4 and 
12 weeks after surgery. In addition to the role in the tendon response to injury 
previously described, it has been observed that Bgn plays a crucial role in matrix 
mineralization and bone formation, possibly by regulating BMP-signaling [61, 62]. 
Moreover, BMP1, also known as the procollagen C-proteinase, is a proteolytic 
activator of TGFβ-1 that plays an important role in fibrosis and bone formation 
[63]. Previous studies have shown a link between the ossification of the tendon 
and the upregulation of osteogenic markers such as Bmp2, Bmp4, and Bmp7 
[46]. Interestingly, we did not observe a significant upregulation of these genes 
in either our treatment or control groups at 12 weeks. However, we did observe 
a several-fold downregulation of the osteogenic genes Bglap, Bmp2, Bmp6, and 
Bmp7 in the S-MT-treated group compared to the ED control group.

The analyses presented here (biomechanics, histology, µCT scans, and gene 
expression signatures) of injured and treated entheses in vivo provide much-
needed insight into the role of the transition zone of multiphasic scaffolds in 
the effective regeneration of the tendon-to-bone enthesis. Future studies might 
combine the optimized S-MT morphology of the transition zone in multiphasic 
scaffolds with different biomaterials and the use of coating agents (e.g., bioactive 
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growth factors [36]) to further improve the regeneration potential of these 
constructs.

The strategy described in the present study to improve the healing of an 
injured tendon-to-bone patellar enthesis supports our initial hypothesis about 
the potential role of the interphase morphology of a construct to stimulate 
the regeneration of such an interphase tissue in vivo. The results described 
here show that silk fibroin may be a suitable material to produce multiphasic 
constructs to be used for enthesis regeneration applications in vivo. Additionally, 
we have demonstrated the potential of tailored tissue engineering strategies 
to treat entheses defects as a complement to the conventional surgical-repair 
approaches. Nevertheless, in order to improve our strategy even further, we 
recommend fine-tuning the process of the design and fabrication of biomimetic 
constructs to specifically meet the morphological and biomechanical properties 
of the many different interphase tissues in the body.
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6	 APPENDIX A

Table A1. Fold regulation of the expression of the top 10 upregulated genes for each group and 
time point of observation.

4 weeks 12 weeks

S-MT scaffold  
treated group

S-AT scaffold  
treated group

S-MT scaffold  
treated group

S-AT scaffold  
treated group

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Ssp1 113.8 Spp1 113.6 Ssp1 209.98 Spp1 85.28

Ctsk 14.71 Ctsk 11.3 Ctsk 37.83 Tgfbr1 2.96

Mmp2 7.04 Mmp2 7.63 Mmp2 14.98 Serpinh1 1.66

Col1a1 4.8 Col1a1 5.58 Col1a1 11.4

Serpinh1 4.75 Bgn 4.48 Col5a1 7.88

Anxa 5 4.35 Col1a2 4.39 Col3a1 6.43

Col5a1 3.33 Anxa 5 3.95 Col6a1 5.26

Col1a2 3.03 Col5a1 3.8 Col1a2 4.58

Col3a1 2.79 Col3a1 3.18 Bgn 4.48

Bgn 2.78 Smad1 2.89 Col2a1 4.35

4 weeks 12 weeks

ED Control group TC Control Group ED Control group TC Control Group

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Ssp1 23.98 Col2 13.17 Ssp1 8.02 Col2a1 11.66

Col2a1 14.37 Spp1 10.26 Col2a1 6.08 Spp1 8.07

Col1a1 6.79 Bmp1 6.01 Pdgfa 5.7 Bmp1 3.94

Bgn 6.69 Bgn 3.97 Twist1 5.06 Tnf 3.29

Col5a1 5.93 Col1a2 2.15 Col2a1 5.00 Twist1 3.24

Col3a1 4.38 Col1a1 2.06 Dlx5 4.19 Tgfb3 2.97

Comp 3.78 Anax5 1.72 Tgfb1 4.06 Smad4 2.7

Col1a2 3.73 Tgfb2 1.71 Nog 3.98 Nog 2.67

Igf1 3.54 Col5a1 1.62 Bglap 3.95 Mmp9 2.66

Col6a1 3.17 Ctsk 1.61 Cfs2 3.95 Cfs1 2.65
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Table A2. Fold regulation of the expression of the top 10 downregulated genes for each group 
and time point of observation.

4 weeks 12 weeks

S-MT scaffold 
treated group

S-AT scaffold  
treated group

S-MT scaffold  
treated group

S-AT scaffold  
treated group

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Tnfsf11 -8.68 Mmp10 -7.30 Bmp4 -11.25 Bgn -111.4

Bmpr1 -8.44 Vgefb -6.53 Cdhrd -10.29 Col4a1 -50.85

Vcam1 -7.97 Fgf2 -6.38 Nog -9.48 Igf1 -61.78

Itgam -7.51 Tnf -6.31 Cfs2 -9.14 Bmp1 -19.61

Vegfb -7.29 Smad4 -5.72 Alpl -8.70 Sox9 -17.54

Smad3 -5.93 Itga2 -5.52 Vdr -8.28 Comp -17.41

Tgfbr3 -5.84 Mmp8 -5.46 Bmp3 -6.59 Icam1 -16.48

Fgfr1 -5.67 Igf1r -5.34 Bmp5 -6.39 Flt1 -15.64

Igf1r -5.63 Tgfbr3 -5.12 Fgf2 -6.15 Smad3 -14.42

Tgfb2 -5.35 Vcam1 -5.01 Col10a1 -4.60 Col6a1 -14.34

4 weeks 12 weeks

ED Control group TC Control Group ED Control group TC Control Group

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Gene 
Symbol

Fold 
regulation

Cd36 -4.30 Cd36 -4.51 Fn1 -13.18 Fn1 -6.78

Bmp5 -3.47 Fn1 -4.40 Itgav -5.45 Cd36 -3.17

Fgfr1 -3.15 Tgfbr2 -4.06 Fgfr2 -4.82 Col3a1 -2.33

Tgfb2 -3.09 Vegfa -2.49 Cd36 -3.65 Itgb1 -1.99

Nfkb1 -2.88 Col4a1 -2.38 Itgam -3.63 Tgbr2 -1.88

Cdh11 -2.88 Itgb1 -2.29 Bmp6 -3.53 Igf1 -1.86

Col10a1 -2.80 Twist1 -1.68 Itgb1 -3.24 Col4a1 -1.34

Igf1r -2.75 Smad4 -1.67 Col3a1 -3.05 Anxa5 -1.34

Tgfbr2 -2.60 Col6a1 -1.35 Tnfsf11 -2.83 Vcam1 -1.16

Tgfbr3 -2.59 Mmp2 -1.15 Ihh -2.80 Vegfa -1.10
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ABSTRACT

MicroRNAs (miRNAs) are short non-coding RNA sequences with the ability to 
inhibit the expression of a target mRNA at the post-transcriptional level, acting 
as modulators of both the degenerative and regenerative processes. Therefore, 
these molecules constitute a potential source of novel therapeutic tools. In this 
study, we investigated the miRNA expression profile that presented in enthesis 
tissue upon injury. For this, a rodent enthesis injury model was developed by 
creating a defect at a rat’s patellar enthesis. Following injury, explants were 
collected on days 1 (n = 10) and 10 (n = 10). Contra lateral samples (n = 10) 
were harvested to be used for normalization. The expression of miRNAs was 
investigated using a “Fibrosis” pathway-focused miScript qPCR array. Later, target 
prediction for the aberrantly expressed miRNAs was performed by means of the 
Ingenuity Pathway Analysis, and the expression of mRNA targets relevant for 
enthesis healing was confirmed using qPCRs. Additionally, the protein expression 
levels of collagens I, II, III, and X were investigated using Western blotting. The 
mRNA expression pattern of Egr1, Col2a1, Runx2, Smad1, and Smad3 in the injured 
samples indicated their possible regulation by their respective targeting miRNA, 
which included miR-16, -17, -100, -124, -133a, -155 and -182. Furthermore, the 
protein levels of collagens I and II were reduced directly after the injury (i.e., 
day 1) and increased 10 days post-injury, while collagens III and X showed the 
opposite pattern of expression.
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1	 INTRODUCTION

The enthesis is a complex interphase tissue, connecting tendons and ligaments 
to bones. It presents the opposite gradients of cellular composition, collagen 
alignment, and mineralization that are necessary for stress dissipation at the 
tendon-to-bone attachment site [1–3]. However, the complexity of the tissue 
makes the enthesis a highly challenging subject of study for tissue engineers.

Due to the physiology of the enthesis, this tissue is susceptible to sport-related 
injuries, overuse, and degeneration [4–7]. Upon injury, the healing process that 
is triggered at the enthesis usually yields scar tissue that resembles neither the 
morphology nor the mechanical properties of the native enthesis, increasing 
the risk of recurrent injury [1,8–10]. Hence, the development of effective tissue-
engineering strategies to aid the regeneration and healing of injured entheses 
constitutes an unmet need [4].

To address this challenge, we aimed to characterize the early stages of healing 
in a rat’s injured patellar enthesis by focusing on the expression patterns of a 
set of fibrosis-related microRNAs (miRNAs).

MiRNAs are a highly interesting class of molecules. They are short, non-coding 
RNA sequences, usually 21–25 nucleotides in length and possessing the ability to 
target specific mRNA molecules [11–13]. MiRNAs are generally complementary to 
the 3′-UTR region of their mRNA target, where they bind, terminating translation, 
and thus repress protein synthesis [12]. MiRNAs exhibit diverse expression 
patterns, intervening in many developmental and physiological processes [13]. 
Additionally, an individual miRNA can have several mRNA targets, while one 
mRNA target can be regulated by several miRNAs [14]. Hence, a single miRNA 
can participate in the regulation of several biological processes.

Since the first miRNA, lin-4, was described in 1993, over two thousand new 
miRNAs have been identified [15,16]. In 2016, 60% of all human protein-coding 
genes were estimated to be post-transcriptionally regulated by miRNAs [16]. 
Furthermore, several miRNAs have been identified to play key roles in cancer, 
liver, heart, and musculoskeletal diseases, among other conditions [14,17–20].

More recently, the inhibitory effect of miRNAs on their mRNA targets has inspired 
the use of miRNA mimics and inhibitors to specifically tailor their regulatory 
effects to different pathways. In the field of cancer research, miRNA replacement 
therapy aims to increase or restore the expression of tumor-suppressing miRNAs 
that might be downregulated or deleted in cancer cells, while miRNA reduction 
therapy aims to decrease or inhibit the expression of oncogenic miRNAs [21–23]. 

5
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A similar strategy is being followed to fight alcohol-associated liver disease, fatty 
liver, and drug-induced liver injury using miRNA mimics or inhibitors, depending 
on the desired effect over the expressing miRNA [24,25].

In the field of musculoskeletal research, recent reports indicate that miRNAs 
can also be used as epigenetic regulators to improve the process of healing 
injured tendons and cartilage, as well as to aid in the process of bone healing 
and remodeling upon fracture [19,26–29]. Among other roles, miR-29a has been 
reported to regulate the in vitro expression of collagen III in fibroblasts from 
patients with systemic sclerosis [30]. Consequently, the treatment of injured 
tendons in a horse model with a miR-29a mimic showed improved early tendon 
healing by reducing collagen III transcript levels without affecting the expression 
levels of collagen I [28]. In an osteoarthritic cartilage model, in vitro transfection 
of chondrocytes with a miR-148a precursor decreased the expression of 
collagen X while increasing the expression of collagen II, which indicated the 
potential therapeutic use of this miRNA to modulate hypertrophic differentiation 
within these cells [29]. Additionally, in patients with traumatic brain injury and 
concomitant fractures, injection of miR-26a mimics at the fracture site led to 
increased bone formation, possibly through regulation of the phosphatase and 
tensin homolog deleted on chromosome 10 (PTEN) [31].

The occurrence of fibrosis, scar formation, and tendon adhesion during the 
healing of injured tendon has been previously linked to the overexpression or 
inhibition of specific miRNAs [32]. Especially relevant for fibrosis and tendon 
adhesion are those miRNAs capable of regulating the TGFβ signaling pathway 
in tenocytes and fibroblasts [32,33]. The TGFβ pathway is key for tendon 
development. However, the overactivation of such pathway leads to fibrosis and 
tendon adhesion [33]. Two well-known examples of miRNAs that regulate the 
TGFβ signaling pathway are miR-21-5p and miR-29b. While miR-21-5p activates 
the TGFβ-1 pathway by inhibiting SMAD7 in tenocytes and fibroblasts, miR-29b 
inhibits the same pathway by targeting SMAD3 [34,35]. Yet, in the context of 
the tendon-to-bone enthesis, little is known about the role of fibrosis-related 
miRNAs during either the healing process or scar formation after injury.

By investigating the pattern expression of fibrosis-related miRNAs upon injury 
in an enthesis animal model, we aimed to identify miRNAs with therapeutic 
potential that might aid the process of enthesis regeneration and healing.
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2	 MATERIALS AND METHODS

2.1	 Rat Patellar Model
A partial enthesis injury animal model was developed for the purpose of this 
study. All animal procedures were approved by the Mayo Clinic Institutional 
Animal Care and Use Committee (protocol #A00006605-22).

Twenty male Fischer 344 rats (Charles River Laboratories, Wilmington, MA, 
USA) at 16 weeks of age were used. Animals were anesthetized with isoflurane 
(Piramal Critical Care, Talangana, India) in an induction chamber and had the fur 
on their right hindlimb shaved and cleaned with povidone iodine (Professional 
Disposables Internationals, Orangeburg, NY, USA) and 70% ethanol. All 
animals received a single dose of subcutaneous cefazolin (50 mg/kg; antibiotic 
(Pharmaceuticals, Columbus, OH, USA) and slow-release buprenorphine (1 mg/
kg; for analgesia (Zoopharma, Laramie, WY, USA) prior to surgery. Animals were 
then placed on the surgical table in the dorsal recumbency position and the right 
hindlimb was left exposed using a sterile fenestrated drape. All rats received a 
unilateral, partial patellar enthesis injury in their right limb, and their left patellar 
enthesis was used as native control. A 5 mm medial parapatellar incision was 
swiftly created on the right knee, using a #15 scalpel blade. The patellar enthesis 
was exposed and a 2 mm injury was created on the medial aspect using a #11 
scalpel blade in the axial plane. The skin was then closed using one 9 mm wound 
clip and the animal was transferred to a heated recovery chamber, set at 32°C. 
Once the animal recovered from anesthesia, it was transferred to its cage where 
it was allowed to bear weight and access to food and water ad libitum.

At the day 1 and day 10 (n = 10 respectively) time points, the animals were 
euthanized using an automated CO2 delivery system. The injured and contralateral 
patellar enthesis were then harvested for analysis. The knee joint was accessed 
above the patella and the anterior cruciate ligament tendon was then cut, 
allowing for anterior displacement of the tibia. A coronal cut was created on the 
tibial plateau, posterior to the enthesis, and an axial cut on the metaphysis, distal 
to the tibial tuberosity using a rotary saw blade. Samples undergoing histological 
analysis were immediately processed. Samples undergoing PCR analysis were 
placed in 5 mL of RNAlater (Invitrogen, Waltham, MA, USA) and subsequently 
trimmed closer to the enthesis.

2.2	 Sample Preparation and RNA Extraction
Samples from the injured patellar entheses tissue from both time points 
of observation (n = 5 per time point), in addition to the contralateral/native 
tissues (n = 5), were recovered from RNAlater, snap-frozen in liquid nitrogen, 
and homogenized with steel beads in the presence of TRIzol (SigmaAldrich, 
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Saint Louis, MO, USA) using a TissueLyser II set to cycles of 3 min at 30 Hz 
(Qiagen GmbH, Hilden, Germany). The isolation of the total RNA was performed 
following the well-established phenol-chloroform extraction protocol. The 
concentration and purity of the extracted RNA were measured using a NanoDrop 
spectrophotometer (NanoDrop Tech. Inc., Greenville, SC, USA). In every case, the 
ratios 260/230 and 260/280 were found to be ≥1.8.

2.3	 cDNA Synthesis and PCR Array for miRNA Expression
The extracted total RNA was the starting material for the cDNA synthesis 
reactions. Then, cDNA synthesis was performed using the miScript II RT Kit 
(Qiagen GmbH, Hilden, Germany) in a C1000 Touch Thermal Cycler (Eppendorf 
AG, Hamburg, Germany) following the instructions from the manufacturer. To 
ensure the PCR quantification of mature miRNAs only, the cDNA synthesis mix 
was prepared using the miScript HiSpec buffer. Afterwards, cDNA samples from 
native tissue taken from both time points were pooled and used as the template 
for the qPCR array. The qPCR array was performed in a CFX 96 Real-Time System 
thermocycler (Bio-Rad, Hercules, CA, USA) utilizing a Fibrosis-Pathway focused 
miScript qPCR array (MIRN-117Z) and the miScript SYBER® Green PCR (Qiagen 
GmbH, Hilden, Germany).

Following Qiagen’s instructions, the obtained Ct values from the qPCR array were 
exported to an Excel file and uploaded to Qiagen’s data analysis web portal http://
www.qiagen.com/geneglobe, accessed on 13 July 2022. Samples were assigned 
to both control (native tissue) and test groups (injury 1 day, injury 10 days). The 
Ct values were normalized against the arithmetic mean of the Ct values from the 
reference genes included in the array (i.e., Snord61, Snord68, Snord72, Snord95, 
Snord96A, Rnu6-6p). For each time point of observation, the fold regulation (FR) of 
each miRNA was calculated with respect to the native tissue, following the 2(−∆∆Ct) 
method for fold change. Treated data have been displayed as fold regulation 
(FR), as this facilitates the interpretation of the results. FR is the same as fold 
change (FC) when FC ≥ 1, and FR is the inverse negative of the FC when FC < 1.

Additionally, qPCR was performed on the individual enthesis samples for the 
relevant miRNAs that were shown to be dysregulated by the qPCR array. For this, 
the SYBR® Green-based PCR miScript Primer assay for each respective miRNA 
to validate was used (Qiagen GmbH, Hilden, Germany) and the expression was 
normalized against the reference miRNA Snord68.

2.4	 cDNA Synthesis and PCR for mRNA Expression
Total RNA was used as starting material for the cDNA synthesis reaction using 
the iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) and the C1000 
Touch Thermal Cycler. The qPCR reaction mix was prepared with the iQTM SYBR® 
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Green supermix (Bio-Rad, Hercules, CA, USA) following the manufacturer’s 
instructions. A list of the primers used can be found in Table 2. Gene expression 
was normalized against the reference gene β-tubulin, and the fold regulation 
of the expression was calculated in the same manner as previously described.

Table 2. Primers used for the qPCR reactions for the mRNA targets.

Targets Forward 5′→3′ Reverse 5′→3′

COL1A1 TTTCCCCCAACCCTGGAAAC CAGTGGGCAGAAAGGGACTT

COL2A1 CACGCCTTCCCATTGTTGAC AGATAGTTCCTGTCTCCGCCT

COL3A1 TGCAATGTGGGACCTGGTTT GGGCAGTCTAGTGGCTCATC

MKX GACGACGGCTGAAGAACACTG CCTCTTCGTTCATGTGAGTTCTTGG

RUNX2 CAAGGAGGCCCTGGTGTTTA AAGAGGCTGTTTGACGCCAT

SMAD1 CAATAGAGGAGATGTTCAAGCAGT CAGACCGTGGTGGGATGAAA

SMAD3 CTGGTGCTGGGGTTAGGTCA GGCCATCCAGGGACTCAAAC

EGR1 GCACCCACCTTTCCTACTCC GTGTAAGCTCATCCGAGCGA

ANKH CTGGTGGGATGTGCCTCAAT GACCGTGTTGTTCGTGTTGG

TUBB GAGGGCGAGGACGAGGCTTA TCTAACAGAGGCAAAACTGAGCACC

2.5	 Ingenuity Pathway Analysis
The identities of those miRNAs dysregulated by more than twofold in the injured 
samples (compared to the native tissue) were uploaded to the Ingenuity Pathway 
Analysis software v012004 (IPA, Qiagen GmbH, Hilden, Germany). Then, the 
miRNA target filter tool was employed to select miRNAs with mRNA targets either 
known or predicted to be associated with diseases and/or functions relevant to 
enthesis healing or injury. The filter parameters used were (i) species/tissue: rat/
tendon or rat/cartilage, (ii) cell type: tenocyte, chondrocyte, or osteoblast, (iii) 
confidence: experimentally observed or highly predicted, and (iv) diseases and 
functions: tendon tissue or cartilage tissue.

In addition to the target prediction from the IPA software v012004, we performed 
extensive literature research to identify targets that were not yet included in the 
IPA knowledge database.

2.6	 Protein Purification and Western Blots
After total RNA extraction with the TRIzol reagent, the fraction of total protein 
was isolated and solubilized following a standard chloroform/isopropanol/
guanidine hydrochloride extraction protocol [71]. RNA and DNA were swiftly 
extracted, and isopropanol (SigmaAldrich, Saint Louis, MO, USA) was added 
to the sample to precipitate the proteins. After centrifugation, the pellet was 
washed in guanidine hydrochloride 0.3 M (SigmaAldrich, Saint Louis, MO, 
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USA), followed by a final wash with ethanol. After air-drying, the pellet was 
resuspended in SDS 1% (SigmaAldrich, Saint Louis, MO, USA ). For Western 
blotting, the total protein content was quantified using the bicinchoninic acid 
(BCA) method, utilizing the PierceTM BCA kit (Thermo Fisher, Waltham, MA, USA), 
and 15 µg were loaded in each well of 8% bis-acrylamide gel. Electrophoresis 
was performed in a running buffer (Tris, SDS, Glycine) for 60 min at 120 V. After 
separation, proteins were transferred on a nitrocellulose membrane using transfer 
buffer (Tris-base, glycine, SDS, methanol) under 350 mA for 90 min. Ponceau S 
staining (SigmaAldrich, Saint Louis, MO, USA ) was performed and membranes 
were then blocked for 60 min at room temperature in a solution of 5% non-
fat dry milk (Merck KGaA, Darmstadt, Germany), diluted in Tris Buffer Saline 
supplemented with 0.1% Tween20 (TBST (Merck KGaA, Darmstadt, Germany)). 
Primary antibodies used for immunodetection were incubated overnight at 4°C: 
collagen I (1/1000; ab270993), collagen II (1/2000; ab34712), collagen III (1/1000; 
ab6310), and collagen X (1/500; 2031501005). Primary antibodies for collagen I, 
collagen II, and collagen III were purchased from Abcam (Cambridge, UK), and 
anti-collagen X was purchased from Quartett (Berlin, Germany). After rinsing, 
the membranes were incubated with horseradish peroxidase (HRP)-conjugated 
secondary antibodies (1/3000) at room temperature for 60 min. All antibodies 
were diluted in TBST/milk 5%. The protein signal was developed using a Clarity 
Western ECL substrate (Bio-Rad, Hercules, CA, USA) and chemiluminescence was 
detected using Chemidoc technology (Bio-Rad, Hercules, CA, USA). The intensity 
of the band was then quantified using ImageJ software 1.53t (NIH, Bethesda, 
MD, USA) and normalized to total proteins (Ponceau S).

2.7	 Histology
The histological characterization included safranin O, alcian blue, and Masson 
trichrome staining. Additionally, immunohistochemical staining (IHC) for collagen 
I and collagen II was performed.

The samples used for histology (n = 5 per group) were fixed for 48 h using 4% 
paraformaldehyde (SigmaAldrich, St. Louis, MO, USA). Subsequently, the samples 
were rinsed with PBS (Thermo Fisher Scientific, Landsmeer, the Netherlands), 
and decalcified for 30 days using 10% buffered EDTA solution (SigmaAldrich, 
Saint Louis, MO, USA) with regular buffer exchange every two to three days. The 
endpoint of the decalcification was determined by X-ray.

After the decalcification, the samples were dehydrated in an increasingly 
concentrated ethanol series and embedded in paraffin. Samples were sectioned to 
7 microns using a Leica RM 2165 microtome (Leica Biosystems, Nussloch, Germany).
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Before each staining, the samples were rehydrated in descending strength 
ethanol series in combination with distilled water, after two changes of NeoClear-
xylene substitute (Merck KGaA, Darmstadt, Germany).

For the safranin O staining, the rehydrated samples were incubated for 10 min 
with hematoxylin solution (Carl Roth GmbH, Karlsruhe, Germany), followed by 5 
min staining with 0.1% fast green solution (SigmaAldrich, Saint Louis, MO, USA). 
Afterward, the samples were rinsed with 0.1% acetic acid, and further stained 
with 0.1% safranin O solution for 10 min (SigmaAldrich, Saint Louis, MO, USA). 
Thereafter, the samples were dehydrated in ascending ethanol series, cleared 
with NeoClear-xylene substitute, and mounted with UltraKit mounting media 
(Thermo Fisher Scientific, Landsmeer, The Netherlands). The Alcian blue staining 
was performed by incubating the rehydrated slides in a working solution of alcian 
blue at pH 2.5 (SigmaAldrich, Saint Louis, MO, USA) for 10 min, followed by three 
washes with distilled water. Subsequently, samples were rehydrated, cleared, and 
mounted as described above.

For the Masson trichrome staining, the Trichrome Stain (Masson) kit was 
purchased from SigmaAldrich (Saint Louis, MO, USA). The staining was performed 
following the indications from the manufacturer. Briefly, the samples were 
incubated for 15 min in preheated Bouin’s Solution at 56°C. Later, the slides were 
washed in tap water to remove the yellow color from the section. Consequently, 
the slides were stained for 5 min in hematoxylin solution (Carl Roth GmbH, 
Karlsruhe, Germany), washed in running tap water for 5 min, stained in Biebrich 
scarlet-acid fuchsin for 5 min, and rinsed with deionized water. Finally, the slides 
were placed in a working phosphotungstic/phosphomolybdic acid solution for 
5 min, followed by a 5 min incubation in aniline blue solution, and a 2 min 
incubation with 1% acetic acid. Once the protocol was completed, the samples 
were rehydrated, cleared, and mounted as described above.

For the IHC staining, the primary and secondary antibodies (Table 3) and DAPI 
counterstaining were purchased from Abcam (Cambridge, UK).

Table 3. List of antibodies and working dilutions used in IHC.

Name Abcam ID Working dilution

Anti-collagen type I ab270993 1:250

Anti-collagen type II ab34712 1:50

Rabbit IgG isotype control ab172730 1:50

Alexa Fluor 647 Goat anti Rabbit ab190565 1:500

5
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Antigen retrieval was conducted using 10 mM citrate buffer (pH 6 (Abcam, 
Cambridge, UK) for 10 min at 95°C. Subsequently, blocking was carried out 
by incubating the samples with blocking solution (0.1% Triton, 1% BSA, 5% 
goat serum) (SigmaAldrich, Saint Louis, MO, USA) for 1 h at room temperature. 
Afterward, the slides were placed in a humidity chamber and incubated overnight 
at 4°C, with the primary antibody diluted in blocking solution without goat 
serum. This was followed by incubation with the secondary antibody for 2 h at 
room temperature. Finally, counterstaining with DAPI was performed and the 
slides were mounted with Dako fluorescent mounting media (Agilent Technology, 
Santa Clara, CA, USA).

The stained slides were visualized using a Nikon DS-Ri2 camera mounted on a 
Nikon Ti Slide Scanner Microscope (Nikon Instruments Europe BV, Amsterdam, 
The Netherlands).

Histology images of the native tissue and the injured tissue corresponding to 
time point 10 days were uploaded to Image J v1.53p (NIH, Bethesda, MD, USA) 
The width of the tendon was measured in the samples using the measurement 
tool of Image J. The measurements were imported into GraphPad Prism 8.0 
(GraphPad Software, San Diego, CA, USA). Statistically significant differences 
were determined by an unpaired t-test with Welch’s correction p < 0.05.

2.8	 In situ Hybridization
For the in situ hybridization (ISH) experiments, the double-DIG miRCURRY LNA 
detection probe, miRCURRY ISH Buffer, and control probes were purchased 
from Qiagen (Qiagen GmbH, Hilden, Germany). The sheep anti-DIG-AP, sheep 
serum, NBT/BCIP ready-to-use tablets, levamisole hydrochloride, and the 30% 
BSA solution were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and the 
ultrapure SSC 20× buffer was purchased from Thermo Fisher Scientific (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). The hybridization protocol was conducted 
as recommended by Qiagen. All steps of the ISH experiments were conducted 
in RNase-free conditions, following the manufacturer’s recommendations.

Briefly, the samples were deparaffinized and rehydrated in NeoClear-xylene 
substitute, descending serial dilutions of ethanol, and RNase-free distilled water 
(Qiagen GmbH, Hilden, Germany). Subsequently, proteinase K (SigmaAldrich, 
Saint Louis, MO, USA) was added to the slides, and the samples were incubated 
for 10 min at 37°C using a Dako hybridizer (DAKO Colorado, Inc., Fort Collins, 
CO, USA). Afterward, the slides were washed twice with sterile PBS (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and incubated with the hybridization 
mix containing the detection probes or controls, respectively, for 60 min at 55°C 
in the Dako hybridizer. The hybridization probes were used the recommended 
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concentrations of 1 nM for the LNA U6 snRNA detection probe and 40 nM for 
the double-DIG miRNA and the scramble detection probes.

This hybridization step was followed by stringent washes with 5×, 1×, and 0.2× 
SSC buffer at 55°C. Blocking was performed for 15 min at room temperature 
before a 1 h incubation with the anti-DIG (dilution 1:800). The slides were then 
washed with PBS, and a freshly prepared AP substrate was added to the samples, 
which were then incubated for 2 h at 30°C in a humidity chamber. The AP reaction 
was stopped by incubating the samples two times for 5 min each with KTBT buffer 
(50 mM TrisHCl, 150 mM NaCl, 10 mM KCl). Subsequently, the samples were 
counterstained with fast green solution (Carl Roth GmbH, Karlsruhe, Germany) 
for 4 min, washed for 10 s with a 1% solution of acetic acid and water. Finally, the 
samples were dehydrated in an increasingly concentrated ethanol series before 
mounting with UltraKit mounting media (J.T. Baker, Leicestershire, UK). Images 
were taken with a Nikon DS-Ri2 camera, mounted on a Nikon Ti Slide Scanner 
Microscope (Nikon Europe B.V., Amstelveen, The Netherlands).

3	 RESULTS

All the animals used in the study survived the surgical creation of the patellar 
injury and remained otherwise healthy until the collection of the explants.

3.1	 miRNA Expression
The miRNA expression in samples harvested at days 1 and 10 after injury was 
assessed using a qPCR array. We observed that 1 day after the creation of the 
injury, 28 miRNAs were dysregulated over twofold more in comparison to their 
expression in the native tissue (Fig. 1). Of this total, six miRNAs were upregulated, 
and 22 miRNAs downregulated. Furthermore, at 10 days after enthesis injury, 
52 miRNAs resulted in dysregulation beyond the twofold cut-off. Of these, only 
seven miRNAs were downregulated while 45 miRNAs were upregulated.

5
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(b)
Figure 1. Dysregulated miRNAs following injury at (a) day 1, and (b) day 10, with respect 
to the expression in the native tissue.

The identities of all miRNAs found to be aberrantly regulated were uploaded 
to the Ingenuity Pathway Analysis (IPA) software v012004. Target prediction 
was conducted according to those gene networks of significance to enthesis-

5

Thesis Carlos - V3.indd   103Thesis Carlos - V3.indd   103 22-03-2024   10:4122-03-2024   10:41



104

Chapter 5

associated pathways. Those miRNAs and respective mRNA targets that were 
associated with cartilage and tendon pathways were identified using the IPA 
software v012004, and are summarized in Fig. 2. In addition, we included in our 
analysis the interactions between miRNAs and mRNA targets that had been 
reported in the literature to be relevant for the regulation of tendon or cartilage 
pathways but which were not predicted by the IPA. These interactions between 
the miRNAs and respective mRNA targets are indicated in Fig. 2 with an asterisk 
(*). Given their importance in the context of enthesis injury and to subsequent 
healing, we have investigated the mRNA expression in the injured samples, as 
well as with the IPA-predicted mRNA targets.

Figure 2. Schematic representation of the interactions between the aberrantly regulated 
miRNAs at early stages of healing on an enthesis injury in the rats’ patella. The predicted 
and/or reported mRNA targets in the context of tendon- and cartilage-relevant pathways 
are indicated. The asterisk symbol (*) indicates interactions between the deregulated 
miRNAs and mRNA target genes found therein that had not been predicted by the IPA, 
but which have been reported in the literature as targets of the respective miRNA [36–40].

Results obtained by the miScript qPCR array were validated with qPCR in each 
individual sample, and for each investigated time of observation (Fig. 3). Of note, 
only aberrantly regulated miRNAs that were deemed relevant to enthesis injury 
according to the IPA analysis were selected for validation.
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Figure 3. Fold regulation (Mean ± SD) of the expression of the deregulated miRNAs in 
the injured samples, with respect to the native tissue.

3.2	 mRNA Expression
To investigate the potential effect of the dysregulated miRNAs in the injured 
samples, the expression levels of their enthesis-relevant mRNA targets were 
evaluated using qPCR in each sample at both time points after the injury (Fig. 4).

Figure 4. Fold regulation (Mean ± SD) of the expression of the targets mRNA in the 
injured samples with respect to the native tissue.

A downregulation was observed in the mRNA levels of COL3A1, SMAD1, SMAD3, 
RUNX2, MKX, and EGR1 for the samples harvested 1 day following the enthesis 
injury. At day 10 following the injury, RUNX2, MKX, SMAD3, and EGR1 remained 
downregulated beyond the two fold cut-off mark, while COL1A1, COL2A1, 
COL3A1, and ANKH showed increased levels of mRNA expression.

5

Thesis Carlos - V3.indd   105Thesis Carlos - V3.indd   105 22-03-2024   10:4122-03-2024   10:41



106

Chapter 5

3.3	 Western Blot
The protein expression levels of collagen I, collagen II, collagen III, and collagen X 
were investigated using the Western blot procedure. The results were normalized 
against total protein content and are depicted in Fig. 5. A decrease was observed 
in the presence of collagen I and collagen II, as was an increase in the protein-
content of collagen III and collagen X immediately after enthesis injury (i.e., day 1). 
Interestingly, 10 days after enthesis injury, the opposite pattern of collagen content 
was observed, showing an increase in the amount of collagen I and collagen II, 
and a strong decrease in the amount of collagen III and collagen X (Fig. 6).

Figure 5. Western blot for proteins of the native tissue samples, with both injured tissue 
at 1 day and at 10 days following injury. Each lane corresponds to an individual sample. 
Normalized against total protein content.
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Figure 6. Protein expression of collagen I (a), collagen II (b), collagen III (c) and collagen 
X (d) normalized against total protein content. Results are illustrated for both the native 
and injured tissue samples at each time point of observation (Mean ± SD). Statistical 
significance is indicated by * p < 0.05, ** p < 0.01, and **** p < 0.0001.

3.4	 Histology

3.4.1	 Safranin O, Alcian Blue and Masson Trichrome Staining
Samples from both the native tissue and the injured tissue were stained with safranin 
O, alcian blue, and Masson trichrome (Fig. 7). The intensity of the safranin O staining 
was proportional to the proteoglycan content of the cartilage tissue. In addition to 
proteoglycans, alcian blue also stains for mucopolysaccharides and glycoproteins. 
Masson trichrome stains collagen fibers and muscle. The staining of the samples 
harvested 1 day after the enthesis injury allowed us to visualize the extent of the 
injury at the enthesis site, while the observation of the stained samples harvested 
10 days after the injury provided a great deal of information on the healing process 
of the enthesis, the occurrence of fibrosis, and the eventual ectopic ossification.

5
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Figure 7. Safranin O (a), alcian blue (b) and Masson trichrome staining (c) of both native 
and injured samples (1 day and 10 days after the injury). Dashed lines indicate the tendon-
to-bone interphase or enthesis. Arrows indicate ossification in the tendon side of the 
enthesis. Scale bar = 500 µm.
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The safranin O staining of the samples harvested at 10 days after the injury 
revealed an enlarged tendon, with a clear distinction between a native-like 
tendon towards the medial part of the tendon and a fibrotic portion towards 
the lateral part of the tendon, which was positively stained for proteoglycans. 
In the fibrotic area, the collagen fibers showed poor alignment compared to 
the alignment present in the uninjured tissue (Fig. 7a). Proteoglycan was not 
observed in the native tendon tissue. Additionally, in the same group of samples 
(i.e., 10 days after enthesis injury) a dense area of extracellular matrix (ECM) was 
visible that resembled cartilage at the tendon side of the enthesis, whereas, in the 
native tissue, this area contained no cartilage but instead comprised the parallel 
aligned collagen fibers characteristic of the tendon tissue.

Similarly, the alcian blue and Masson trichrome staining of the samples 
harvested 10 days after the injury showed positive blue staining in the fibrotic 
portion of the injured tendon that was absent in the native, healthy tissue. This 
staining highlighted the area of disorganized collagen fibers which were rich in 
glycoproteins and noticeably different from the native tendon morphology (Fig. 
7b). Additionally, Masson trichrome stained sections allowed us to confirm the 
occurrence of ectopic bone formation in the tendon side of the enthesis (Fig. 7c).

Measurements of the tendon width revealed that the samples corresponding to 
the injured tissue at 10 days suffered from a significant enlargement (p < 0.05) 
of the tendon when compared to the native tissue (Table 1). The measurement of 
the tendon width was not possible in the samples from 1 day after the injury due 
to the recent creation of the defect, which made a reproducible measurement 
of the tendon unfeasible.

Table 1. Tendon width (Mean + SD) of the native tissue and the injured tissue harvested at 10 
days after enthesis injury.

Samples Tendon Width (µm)

Native tissue 341.0 ± 78.4

Injured tissue (time point: 10 days) 807.6 ± 31.8

3.4.2	 Immunohistochemistry
Samples from the native and injured tissues were stained for collagen I and 
collagen II, which are two of the main structural collagens present at the 
tendon-to-bone enthesis. The native tissue samples showed a strong presence 
of collagen I at both the tendon and bony sides of the enthesis. The presence of 
collagen II in the healthy tendon was not verified by the corresponding staining 
at the tendon side of the enthesis, but rather only at the fibrocartilaginous 
portion of the enthesis (Fig. 8).

5
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Figure 8. Collagen I (a) and collagen II (b) staining of native and injured tissue samples 
(1 day and 10 days after enthesis injury). Dashed lines indicate the tendon-to-bone 
interphase. Red = collagen, blue = DAPI. Arrows indicate ossification in the tendon side 
of the enthesis. Scale bar = 500 µm.

Injured samples harvested at day 1 after enthesis injury showed a similar pattern 
of collagen deposition to that described for the healthy tissue. However, there 
was a significant presence of recently damaged tissue in the tendon and tendon-
to-bone interphase areas that made the identification of the histological features 
of these samples difficult. This was not the case in the injured samples harvested 
10 days after enthesis injury; there, the distribution of collagen I was similar to 
that observed in the native tissue (that is, a strong presence of collagen I at both 
sides of the enthesis). Remarkably, intense collagen II staining was observed 
along the fibrotic portion of the tendon, as well as in the surroundings of the 
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abnormal bony structure previously identified in the tendon portion of the 
enthesis with the prior safranin O and Masson trichrome staining.

3.5	 In situ Hybridization
In situ hybridization (ISH) was performed to visualize the tissue localization of 
previously identified miRNAs that were dysregulated in the injured enthesis 
samples. As recommended by the manufacturer, the ISH protocol was optimized 
using the U6 positive control probe, with a scrambled miRNA probe for a 
negative control. The use of a scrambled miRNA probe allowed us to confirm 
that no nonspecific interactions were present in our ISH experiments that could 
hinder the interpretation of our results.

Two relevant miRNAs were investigated (miR-16-5p and miR-133a-3p) in the 
native tissue samples, as well as in the sample harvested 10 days after the injury. 
In the native tissue, the expression of miR-16-5p could not be verified by the in 
situ hybridization. This was not the case for miR-133a-3p, which was localized 
mainly in the chondrocytes present at the growth plate of the tibia, while the 
expression in the tendon portion was barely noticeable except for some scattered 
positive cells in the tendon portion around 500 µm from the enthesis area. 
Conversely, in the samples from the injured tissue (10 days post-injury), the 
expression of both miRNAs was abundant in both the fibrotic portions of the 
tendon and the surroundings of the ectopic ossification area on the tendon side 
of the enthesis. The expression patterns in the injured samples of both miR-
16-5p and miR-133a-3p highlighted a well-defined boundary that divided the 
tendon longitudinally in two halves along different morphologies and miRNA 
expression (Fig. 9).

5
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(a) (b)

(c) (d)
Figure 9. In situ hybridization. U6 positive control and scramble negative control in native 
tissue (a); Scramble negative control in native and injured tissue 10 days after injury 
(b); and miR-16-5p (c) and miR-133a-3p (d) in both native and injured tissue 10 days 
after the injury. Dashed lines indicate the tendon-to-bone interphase. Arrows indicate 
the presence of the corresponding miRNA: dark blue = miRNA expression, and light 
green = counterstaining with fast green. Scale bar = 500µm.

4	 DISCUSSION

The tendon-to-bone enthesis is a frequent site of injury. It has been estimated 
that 30% of all musculoskeletal consultations are due to a form of tendon or 
enthesis injury [41,42]. Most tendon or enthesis injuries can heal without the 
need for clinical intervention. However, non-surgical treatment is usually followed 
by surgery, due to improper healing of the injured tendon or tendon-to-bone 
enthesis [43,44]. Hence, the need for current efforts to elucidate the underlying 
mechanisms of enthesis healing.
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In a recently published review, Chartier et al. summarized the three overlapping 
steps involved in tendon healing: inflammation, proliferation, and remodeling 
[45]. These three steps take place while mediated by a balance of extrinsic and 
intrinsic mechanisms [46,47]. Extrinsic mechanisms are active in the early stages 
of healing. They involve the infiltration of inflammatory cells and fibroblasts 
from the surrounding tissue (e.g., synovium, tendon sheath, and paratenon), 
and are usually associated with an increase in collagen disorganization, high 
levels of glycosaminoglycans, and increased tendon diameter. The timeline for 
the intrinsic mechanism is usually delayed by a few days when compared to 
the extrinsic mechanism, comprising the migration of tenoblasts and tenocytes 
from within the tendon (mostly from the epitenon and endotenon) toward the 
wound site [45]. Collagen production by tenocytes and by the cells populating 
the epitenon usually yields more mature and larger collagen molecules than 
those produced by the cells migrating from the synovial sheath or the paratenon 
[48]. Thus, several authors have focused on the comparison between both 
mechanisms, aiming to answer the question of whether or not one of these two 
healing patterns might be enough for the adequate restoration of the healthy 
morphology and biomechanics of the tendon [48–50].

With our injury model, we were able to follow the progression of enthesis healing 
for up to 10 days after the injury. The observed enlargement of the tendon, the 
collagen disorganization, and the proteoglycan-positive staining in the fibrotic 
portion at 10 days are in line with the aforementioned characteristics of the 
extrinsic healing mechanism, which seemed to be predominant in this early 
stage of healing in our injury model [45,49,50]. Additionally, we observed that as 
a result of such a healing response, an area suffering from ectopic ossification 
was present in the tendon portion of the enthesis of the injured samples after 
10 days. Both the positive collagen II staining and the presence of chondroid 
metaplasia surrounding the ossification area indicated that such ossification 
has an endochondral, rather than intramembranous, origin. These observations 
support the consensus that most of the ectopic ossification of tendons and 
tendon-to-bone occur by endochondral ossification [10,51,52].

The occurrence of ectopic ossification in both the tendon and the tendon-to-
bone enthesis upon injury has been observed in human and animal models as an 
undesired effect of the failed regeneration of the native tissue structure [10,53]. 
Tendon ossification is associated with severe pain and an increased risk of rupture, 
and although it is commonly seen in clinics, it has been poorly characterized 
[52]. Some authors have associated the formation of ectopic ossification with 
the extrinsic migration of inflammatory cells (possibly those derived from bone 
marrow) to the site of the injury, although the precise mechanisms of ectopic 
ossification of the tendon and enthesis are far from understood [52,54].

5
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In an attempt to shed light on the intricate mechanisms responsible for the 
occurrence of fibrosis and ectopic ossification of injured tendon-to-bone 
entheses, we investigated the expression profile of fibrosis-related miRNAs in the 
early stages of patellar enthesis healing. MiRNAs have drawn significant attention 
in recent years as being potential therapeutic targets, signaling mediators, and 
even biomarkers, due to their ability to regulate a multitude of pathways through 
their suppressing of expression of their target mRNAs [19,55,56]. Several reports 
indicate that among the most relevant miRNAs associated with early tendinopathy 
are the members of the miR-29 family [57–59]. It has been demonstrated that the 
members of this family act as post-transcriptional regulators of collagen, and 
that they are typically dysregulated upon tendon injury [57]. However, in our 
enthesis injury model, we only observed dysregulation of one member of this 
family, the miR-29b-3p, which showed a 3.4-fold increase at 10 days, whereas 
the expression of miR-29a-3p and miR-29c-3p was similar to that of the native 
tissue. In addition, miR-29b-3p has been reported to play a role in chondrocyte 
homeostasis and in repressing SMAD3 signaling. In this regard, we observed 
that SMAD3 was downregulated in the injured samples at both time points of 
observation. However, the suppression of this gene was strongest at 10 days, 
when the expression of the miR-29b-3p was the highest. This observation is also 
in line with the strong upregulation of the miR-16-5p at the same time point, 
which (similarly to miR-29b-3p) is known to target SMAD3 in chondrocytes, one 
of the signature cell populations in the patellar enthesis [36,60]

Another set of interesting miRNAs that resulted in upregulated at 10 days but not 
at one day in our injured samples include miR-17-5p, miR-133a-3p, and miR-182. 
Both miR-17-5p and miR-133a-3p were predicted by our IPA analysis to target 
and inhibit RUNX2, which we found to be downregulated several-fold at 10 days. 
This prediction had been confirmed previously using luciferase reporter assays 
[40,61]. Moreover, a regulatory role for miR-17-5p in ectopic bone formation in 
ligaments has been described in patients of ankylosing spondylitis, wherein it 
targets and suppresses the ankylosis protein homolog (ANKH) and enhances 
the expression of COL1A1 [40]. Furthermore, the stimulatory effect of miR-17-5p 
over the expression of COL1A1 was also described in patients with non-traumatic 
osteonecrosis, as a consequence of the inhibition of SMAD7 [62]. Interestingly, 
ANKH and COL1A1 were upregulated in the day 10 samples in comparison 
to expression levels in the native tissue, while the protein expression level of 
collagen I at the later time point was similar to that of the native tissue, but 
significantly higher than the expression level observed one day after the injury.

When upregulated 10 days after the injury, miRNA-182 was predicted to target 
MKX, and resulted in downregulation in our samples of this timeframe. Different 
regulatory roles have been described for the miR-182, including cell growth, 
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cancer progression, lymphocyte expansion, and even positive regulation of 
osteoclastogenesis via the miR-182-PKR-IFN-β pathway [63]. However, to the extent 
of our knowledge, there is no published experimental evidence for the regulation 
of MKX through miR-182 targeting. Our observations might well serve as a possible 
indication of such interaction in an in vivo setting, worthy of further investigation.

Of all the miRNAs investigated using our injury model, miR-16-5p and miR-133-
3p were two of the most dysregulated, showing downregulation immediately 
after the injury and strong upregulation at 10 days. These two miRNAs are highly 
interesting, and especially relevant for our injury model since both of them 
have been proven to act as anti-fibrotic regulators by inhibiting myofibroblast 
activation [64,65]. The origin of myofibroblasts during wound healing is unclear 
[66]. However, they play a critical role in matrix remodeling during healing and 
have been reported to be involved in the maintenance of scar tissue, whether by 
actively producing fibrotic ECM or by inhibiting the migration of other cell types 
[67]. The observed upregulation of these miRNAs (and the strong downregulation 
at the same time point) in the collagen III protein could well indicate that, after 
10 days, the healing process of the injured enthesis has been redirected against 
fibrosis. This would also be in line with the observed downregulation of the 
miR-155, known to be a major profibrotic regulator in multiple tissues and 
pathologies, seen at the same time point [68,69].

Our in situ hybridization experiments revealed that the overexpression of both 
miR-16-5p and miR-133a-3p was specifically localized in the fibrotic portion of 
the injured tissue and in the area surrounding the site of ectopic ossification. This 
finding is particularly relevant when studying such a complex interphase tissue as 
the tendon-to-bone enthesis since it allows us to pinpoint the exact localization 
of the cell population responsible for the overexpression of such miRNAs. Our 
observations did not necessarily address the direct molecular consequences of the 
dysregulation of miR-16-5p and miR-133a-3p in the early healing response of the 
injured enthesis. However, the highly specific localization of the overexpression 
of these miRNAs did highlight a potential antifibrotic role in injured enthesis 
that has not been previously described. Additionally, such findings could 
serve as a stepping stone toward the development of potential therapeutic 
strategies, especially those that might rely on either the enhancement or the 
fine-tuning of the timing and duration of the overexpression of these antifibrotic 
miRNAs upon injury, owing to the fibrosis that we found to be strongly present 
in the injured tissue, based on its morphological appearance after 10 days.

With our study, we aimed to characterize a rat-based patellar injury model 
during the early stages of healing, paying special attention to the local miRNA 
expression profile. The enlargement of the tendon at the 10-day time point was 
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in line with the rapid increase in collagen III production immediately after the 
injury, followed by the later increase in collagen I and collagen II. The regulation 
of extracellular matrix production is a complex mechanism with multiple players, 
which include some of the miRNAs that we have investigated in our study [70]. 
The observed downregulation of miRNAs associated with the inhibition of 
collagen production (e.g., miR-124-3p and miR-133a-3p) immediately following 
injury could be connected with the increase in ECM deposition at the earlier 
recorded time points. Similarly, the upregulation of antifibrotic miRNAs at 10 
days (e.g., miR-133a-3p and miR-16-5p), in addition to the normalization of 
the production of collagen I and collagen III, could mark the beginning of the 
remodeling phase of the enthesis healing process. However, a more in-depth 
study would be necessary to establish the precise roles of these microRNA in 
the process of enthesis healing.

Although the knowledge gained paves the way toward deeper insights into the 
healing mechanisms of the enthesis, our study is not exempt from limitations. 
We limited our time points of observation to 1 and 10 days after the injury. 
Adding a later time point could have been beneficial, to assess the evolution of 
the fibrosis and the ectopic ossification upon the upregulation of the antifibrotic 
miRNAs observed at the 10-day time point. Nonetheless, in a previous study, 
we investigated the healing of the enthesis after 4 and 12 weeks from creating 
a patellar defect [10]. The nontreated controls showed at both time points clear 
signs of fibrosis and ectopic bone formation in the tendon and enthesis area. This 
is evidence that scar formation and tendon ossification were neither effectively 
avoided nor reverted by the native mechanism of enthesis healing, including 
the overexpression of antifibrotic miRNAs observed in this study after 10 days. 
Another constraint is the limited selection of mRNA targets for the enthesis-
relevant dysregulated miRNAs whose expression had been validated using 
qPCR in the injured samples. However, by using IPA analysis, we attempted to 
cover the most fibrotic-relevant predicted targets for our pool of dysregulated 
miRNAs. Future studies could focus on investigating the expression of other 
members of the multitude of potential mRNA targets of dysregulated miRNAs 
upon enthesis injury, in addition to investigating the validation of the miRNA–
mRNA interactions.
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5	 CONCLUSIONS

Tendon and enthesis injuries are debilitating conditions that affect a growing 
number of people worldwide. Here, we have characterized the early healing 
response of an injured patellar enthesis in a rodent model. We described the 
occurrence of fibrotic scar tissue 10 days after the creation of the injury, in 
addition to the occurrence of ectopic ossification at the tendon-to-bone enthesis. 
Moreover, we reported the dysregulated expression of at least 13 enthesis-
relevant miRNAs both 1 day and 10 days after the injury, whose predicted mRNA 
targets are known to play relevant roles in the process of enthesis healing and 
regeneration. Additionally, we were able to localize the expression of miR-16-5p 
and miR-133a-3p in the fibrotic portion of the injured tissue, which indicates a 
direct relationship between the overexpression of such miRNAs and the healing 
of the tendon-to-bone enthesis. We believe that the results described in the 
present manuscript could stimulate future studies to explore the therapeutic 
potential of such miRNAs by their ability to tune the expression of their mRNA 
targets, and thereby improve the regeneration of injured entheses.
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ABSTRACT

Tendons and tendon-to-bone entheses heal poorly after injury, and the scar tissue 
that is typically formed fails to regenerate the native morphology of the healthy 
tissue. We have previously described a magnetically-assisted 3D-bioprinting 
technique to obtain tendon-mimetic hydrogels with an anisotropic morphology 
capable of inducing the tenogenic commitment of the encapsulated adipose-
derived stem cells (hASCs). In this study, we have explored a novel approach 
for in situ transfection of the encapsulated hASCs with microRNA (miRNA) 
probes to further enhance their tenogenic commitment. miRNAs are short, non-
coding sequences of RNA that act as post-transcriptional regulators of gene 
expression. Mimics or inhibitors of specific miRNAs have been used to restore 
lost functions at the cell level or improve healing at the tissue level. We found 
that miR-16-5p was upregulated in the fibrotic portion of injured tendons in a 
rat model. The published literature describes an antifibrotic role for miR-16-5p 
via targeting of SMAD3. Thus, we aimed to explore the effects of miRNA-16-5p 
mimics and inhibitors on the tenogenic differentiation of hASCs. For this, we have 
encapsulated hASCs in our gelatin-methacrylated(GelMa)-based magnetically-
responsive bioink that incorporates miR-16-5p (mimics or inhibitors) to obtain 
tendon-mimetic miRNA-laden hydrogels. The obtained GelMA hydrogels 
retained the encapsulated miRNA probes, which permitted the in situ transfection 
of the hASC. Furthermore, we found that the in situ transfection with the miR-16-
5p mimic led to a prolonged increase in the expression of the tenogenic markers 
TNC, TNMD, DCN, and others compared to the transfection with the inhibitors. 
Thus, indicating a potential tenogenic role for miR-16-5p.
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1	 INTRODUCTION

Injuries at tendon-to-bone entheses are problematic [1,2]. Partial or full-thickness 
tendon or enthesis ruptures often undergo poor healing, which in most cases 
yields scar tissue that fails to recapitulate the native morphology of the uninjured 
tissue [3,4]. In particular, the highly specialized extracellular matrix (ECM) of 
the tendon-to-bone enthesis presents gradients of mineralization and collagen 
alignment patterns that are not regenerated during the normal healing process 
after injury [5-7].

We have previously described the occurrence of fibrosis and ectopic ossification in 
the tendon side of a rat patellar enthesis as a result of the healing process upon injury 
[4]. Furthermore, we identified a group of fibrosis-related microRNAs (miRNAs) 
that were dysregulated in the injured samples during the early stages of healing. .

The interest in the therapeutic potential of miRNAs as post-transcriptional 
regulators of gene expression and thereby, protein production, has been growing 
steadily over the last two decades [8-11]. In the context of tendon healing, it 
has been shown that intralesional injection of miRN-29a improves early tendon 
healing in horses [12]. Similarly, the intralesional injection of miR-210 was 
reported to promote Achilles tendon healing in a rat model [13]. Furthermore, 
an inhibitory effect on collagen production and the tenogenic differentiation 
of tendon progenitor stem cells has been described in vitro for miR-124 [14].

Using a rodent patellar enthesis injury model, we recently identified miR-
16-5p to be upregulated in the fibrotic portion of the injured tissue 10 days 
after the creation of the injury [4]. miR-16-5p has been proven to modulate 
the TGF-β/Smad pathway by inhibition of SMAD2/3 in liver fibrosis, or SMAD3 
in skin and cardiac fibrosis [15]. More specifically, it has been observed that 
the overexpression of miR-16-5p in myofibroblasts results in the inhibition 
of the fibrotic and proliferative properties of these cells by inactivating the 
TGF-β pathway. In line with these reports, we described the downregulation of 
SMAD3 in injured patellar enthesis samples where miR-16-5p was upregulated 
[4]. Moreover, the anti-fibrotic effects of miR-16-5p have also been linked to 
the inhibition of inflammatory cytokines and other pro-fibrotic mediators (e.g. 
IL-6, TNF-α, and IL-1β) and the secretion of the anti-inflammatory factor IL-10, 
reducing inflammation and the formation of fibrous scar tissue [16,17].

The published data support an anti-fibrotic role for miR-16-5p, which indicates 
a potential therapeutic use for such miRNA in the modulation or inhibition of 
fibrosis during tendon healing. Additionally, by regulating the TGF-β pathway 
via the inhibition of SMAD3, miR-16-5p could also influence the processes of 
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tenogenic differentiation and tendon healing. Interestingly, at least to the extent 
of our knowledge, this miRNA has not yet been investigated in the context of 
tendon healing and regeneration.

We have previously described the obtention of a cell-laden tendon-mimetic 
construct by magnetically-assisted 3D bioprinting capable of promoting the 
tenogenic commitment of adipose-derived stem cells (hASCs) [18]. For this, a 
cell-laden gelatin methacrylated (GelMa) magnetically responsive bioink was 
developed. The obtained bioink incorporates hASCs and magnetically responsive 
polycaprolactone (PCL) microfibers that would align longitudinally in response to 
the presence of an external magnetic field. Thus, creating an anisotropic, tendon-
mimetic microenvirorment for the encapsulated cells. It was demonstrated that 
the tendon-mimetic microenvironment achievable by using this technique has 
the potential to elicit tenogenic differentiation of the encapsulated hASC. In the 
present study, we aimed to investigate the role of miR-16-5p beyond the potential 
inhibition of fibrosis, in the tenogenic commitment of hASCs when cultured in a 
3D tendon-mimetic microenvirorment. For this, we have encapsulated miR-16-
5p mimics or inhibitors in the cell-laden magnetically responsive GelMa bioink 
to obtain miRNA-laden, cell-laden tendon-mimetic hydrogels. We hypothesize 
that the modulatory effects of miR-16-5p on the TGFβ/Smad pathway could 
further enhance the tenogenic commitment of the hASCs -loaded hydrogel by 
preventing the overactivation of the TGF-β pathway.

2	 MATERIALS AND METHODS

2.1	 Cell culture
The hASCs used in this study were obtained from lipoaspirate samples of the 
abdominal region of patients undergoing liposuction surgery with the appropriate 
informed consent, and following the protocols established with Hospital da 
Prelada (Porto Portugal) and with the approval of the Hospital and University of 
Minho Ethics Committee (approval numbers 005/2019 and 014/2019). The isolation 
was performed following previously optimized protocols [19,20]. Cells were 
cultured and expanded in alpha-modified Eagle medium (α-MEM) supplemented 
with 10% v/v fetal bovine serum and 1% (v/v) penicillin (ThermoFisher, 
Waltham, MA, USA). The cells were not used beyond passage number six.

2.2	 miRNA mimic/inhibitor loaded-hydrogel preparation
The hsa-miRNA-16-5p miCURY LNA mimic-FAM, hsa-miRNA-16-5p miCURY LNA 
inhibitor-FAM, miRNA mimic negative control-FAM, miRNA inhibitor negative 
control-FAM, and the HiPerfect Transfection Reagent were purchased from 
Qiagen (Qiagen GmbH, Hilden, Germany). Fish GelMa was dissolved in α-MEM 
cell culture media (20% w/v) for 1h at 60⁰C with constant agitation. Afterward, 

Thesis Carlos - V3.indd   128Thesis Carlos - V3.indd   128 22-03-2024   10:4122-03-2024   10:41



129

Synergistic Effect of miRNA Modulation and Tendon Mimetic Microenvironment

the GelMa solution was cooled down and kept at 37⁰C until further use. The 
magnetically-responsive polycaprolactone microfibers (MRFs) were obtained as 
described before [18]. Briefly, magnetic nano-particles (~9 nm) were prepared 
through a process of thermal decomposition following previously reported 
procedures for the synthesis of iron oxide nanoparticles [18]. Later, PCL-MRFs were 
prepared by electrospinning, incorporating the previously obtained magnetic 
nanoparticles into the polymeric precursor solution (Sigma-Aldrich, Saint Louis, 
USA). Electrospun membranes were cut into 3 × 3 mm portions and embedded in 
OCT blocks (Sigma-Aldrich, Sint Luis, USA) that were frozen at -20⁰C and micro-
cut to produce MRFs of 25 µm in length. Finally, a solution of MRFs was prepared 
by dissolving 4.7 mg/ml of the obtained MRFs in cell culture media. Additionally, 
a LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate; Sigma-Aldrich, Saint 
Louis, USA) solution was prepared at a concentration of 1.25% w/v in sterile PBS.

To incorporate the miRNA mimic or inhibitor probes into the GelMa hydrogels, 
miRNA mimics or inhibitors were mixed with the HiPerfect transfection reagent in 
the LAP solution to form transfection complexes following the recommendation 
of the manufacturer. miRNA probes and transfection reagent were mixed at 
adequate proportions to obtain a final amount of 15 pmol of miRNA mimic or 
75 pmol in the case of the miRNA inhibitor per 150 ul of hydrogel. That is, ~6 
pmol of miRNA mimic/105 cells and 30 pmol of miRNA inhibitor/105 cells.

The incorporation of the cells into the GelMa hydrogel was done by trypsinizing 
the hASCs and resuspending the cells in the MRFs solution. Later the MRFs cell-
containing solution was mixed with the dissolved GelMA and the LAP solution 
containing the transfection complex. The proportions of each gel precursor 
solution were calculated to obtain gels of 150 µl with a final concentration of 
7.5% w/v of GelMa, 0.25% w/v of LAP containing the transfection complexes, 2 
mg/ml of MRFs, and a cell density of 1.5 × 106 cells/ml. The gel precursor mix was 
pipetted onto an 8-well µ-slide IBIDI chamber (IBIDI, Gräfelfing, Germany) in the 
presence of an external magnetic field provided by an in-house fabricated system 
of two-pairs of parallel magnets and exposed to a 385 W cm-2 UV light for 30s 
using an Omnicure S2000 Spot UV Curing System (Exelitas Technology, Waltham, 
USA). The intensity of the magnetic field and the effects of the microfiber 
length, magnetic nanoparticle content, and MRF concentration, were previously 
evaluated in a different study [18]. A total of three gels per condition and time 
points were cast. After UV cross-linking, the gels were removed from the IBIDI 
chambers and placed in 24-well non-treated tissue culture plates containing 
at least 500 µl of media. Media change was performed every three days. The 
alignment of the MRFs after crosslinking was assessed by optical microscopy and 
the encapsulated cells were imaged with confocal microscopy at days 7 and 14.
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The transfection efficiency at timepoint 72h was assessed by flow cytometry. 
The gels were enzymatically digested with collagenase (2 mg/ml) for 60 min. 
Later, the product of digestion was centrifuged, the pellet was washed twice 
with PBS, and at least 105 cells were resuspended in acquisition buffer (1% v/v 
formalin/PBS). A minimum of 2×104 hASCs were acquired and the fraction of 
cells that internalized the FAM-labeled miRNA probes was determined with a 
FACS-Calibur Flow Cytometer (BD Biosciences, New Jersey, USA) and analyzed 
with CellQuest software V3.3.

2.3	 Analysis of miRNA probes retention by the GleMa hydrogels
GelMa hydrogels (50 µl) were loaded with the complex formed by the miRNA 
mimic negative control-FAM at a concentration of 200nM and the HiPerfect 
transfection reagent as described before. After cross-linking, the gels were 
incubated in 96 well plates containing 100 µl of PBS at 37⁰C in a humidified 
atmosphere of 5% CO2 for up to 10 days. At every indicated time point, 80 µl 
of the releasates were collected for measurement and replaced with fresh PBS. 
The content of miRNA probe released to the PBS was quantified by measuring 
the fluorescent signal of the releasates at 518 nm with a Clariostar plate reader 
(BMG Labtech, Ortenberg, Germany). The cumulative release of the miRNA mimic 
negative control-FAM from the hydrogel was determined by interpolation with 
a standard curve previously obtained for this purpose.

2.4	 RNA and protein extraction from GelMa hydrogels
RNA and proteins were extracted from at least three gels per condition and 
timepoint (4, 10, 14, and 21 days for RNA and 10 and 21 days for protein). For the 
RNA extraction, each gel was digested with collagenase (2 mg/ml for 45 min at 
37⁰C), centrifuged and the pellet resuspended in Trizol Reagent (Sigma-Aldrich, 
Saint Louis, USA). The isolation of the total RNA was performed following the well-
established phenol-chloroform extraction protocol. The concentration and purity 
of the extracted RNA were measured using a NanoDrop spectrophotometer 
(NanoDrop Tech. Inc., Greenville, USA). In every case, the ratios 260/230 and 
260/280 were found to be ≥1.8. The extracted RNA was used for cDNA synthesis.

Protein isolation and solubilization was performed following a standard 
chloroform/isopropanol/guanidine hydrochloride extraction protocol [21]. 
After extraction, the protein pellet was resuspended in SDS 1%. For Western 
blotting, the total protein content was quantified using the bicinchoninic acid 
(BCA) method, utilizing the PierceTM BCA kit (ThermoFisher, Waltham, USA), 
and 15 µg were loaded in each well of 8% bis-acrylamide gel. Electrophoresis 
was performed in a running buffer (Tris, SDS, Glycine) for 60 min at 120 V. 
After separation, proteins were transferred on a nitrocellulose membrane using 
transfer buffer (Tris-base, glycine, SDS, methanol) under 350 mA for 90 min. 
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Later, the membrane was incubated overnight at 4°C with a SMAD3 primary 
antibody (1/1000; #9513) for immunodetection of Smad3 protein and GAPDH 
as housekeeper control. The primary Smad3 antibody was purchased from Cell 
Signalling Technology (MA, USA) and GAPDH from Abcam (Cambridge, UK). 
After rinsing, the membrane was incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1/3000) at room temperature for 60 min. All 
antibodies were diluted in tris-buffered saline with 0.1% Tween® 20 and milk 5%. 
The protein signal was developed using a Clarity Western ECL substrate (Bio-Rad, 
Hercules, USA) and chemiluminescence was detected using Chemidoc technology 
(Bio-Rad, Hercules, USA). The intensity of the band was then quantified using 
ImageJ software 1.53t (NIH, Bethesda, USA) and normalized to GAPDH.

2.5	 cDNA synthesis and qPCR
The total RNA extracted from the gels was used as the starting material for the 
cDNA synthesis reactions. cDNA was synthesized from the mRNA fraction of 
the total RNA using the iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, USA). 
The cDNA synthesis reactions were conducted in a C1000 Touch Thermal Cycler 
following the cDNA synthesis kit instructions from the manufacturer.

The qPCR reaction mix for the analysis of the gene expression was prepared 
with the iQTM SYBR® Green supermix (Bio-Rad, Hercules, USA) following the 
manufacturer’s instructions. A list of the primers used can be found in Table 1. 
Gene expression was normalized against the reference gene β-tubulin, and the 
fold regulation of each gene was calculated with respect to the corresponding 
mimic or inhibitor control sample group, following the 2(−∆∆Ct) method for fold 
change. Treated data have been displayed as fold regulation (FR), as this facilitates 
the interpretation of the results. FR is the same as fold change (FC) when FC ≥ 1, 
and FR is the inverse negative of the FC when FC < 1.

Additionally, the expression of miRNA-16-5p was investigated in the cells 
extracted from the gels loaded with the miR-16-5p inhibitor probe after 4 
days of culture. For this, the cDNA was synthesized from the miRNA fraction 
of the total RNA using the miScript RT II cDNA synthesis kit (Qiagen GmbH, 
Hilden, Germany). The qPCR reaction mix for the expression of miR-16-5p was 
prepared using the miRScript SYBER® Green PCR mix and normalized against 
the expression of Snord68.

6
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Table 1: List of primers used for qPCRs

Targets Forward 5′→3′ Reverse 5′→3′

COL3a1 GCTGGCTACTTCTCGCTCTG GTTGGCATGGTTCTGGCTTCC

MKX TGTTAAGGCCATAGCTGCGT TCGCACAGACACCTGGAAAA

SCX CGAGAACACCCAGCCCAAAC CTCCGAATCGCAGTCTTTCTGTC

SMAD3 AAACCAGTGACCACCAGATGA TAGGAGATGGAGCACCAGAAG

TNMD CCGCGTCTGTGAACCTTTAC CACCCACCAGTTACAAGGCA

DCN CAGCATTCCTCAAGGTCTTCCT GAGAGCCATTGTCAACAGCA

TUBB GAGGGCGAGGACGAGGCTTA TCTAACAGAGGCAAAACTGAGCAC

3	 RESULTS

3.1	 GelMA hydrogels enable effective miRNA transfection of the  
	 encapsulated cells
The obtained GelMa hydrogels showed a retention of about 80% of the 
encapsulated miRNA probes by day 10, with a burst of rapid release of 
approximately 15% of the miRNA probes during the first 24 hours (Fig. 1A). 
Moreover, by time point 72h, approximately 65% of the encapsulated cells were 
detected as FAM-labeled by flow cytometry (Figure 1B). The internalization of 
the FAM-labeled miRNA probes by the encapsulated cells was also observable 
by confocal microscopy (Fig. 1C). Furthermore, qPCRs for miR-16-5p showed 
that the cells from the miRNA inhibitor-laden GelMa hydrogel exhibited a down-
regulation of miRNA-16-5p of approximately eight-fold after four days of culture 
when compared to untransfected cells (Fig. 1D).
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Figure 1: (A) Release profile of the encapsulated FAM-labeled miRNA. (B) Flow cytometric 
analysis showing untransfected cells (left) and the in situ transfected cells (right). (C) Confocal 
image of the in situ transfected hASCs after 7 days of culture showing the miRNA complexes 
in the cytoplasms of the transfected cells. Blue=dapi, red=phalloidin; green=FAM-labeled 
miRNA probe. Scale bar = 25 µm. (D) Fold regulation (Mean ± SD) of miR-16-5p in the 
GelMa-encapsulated hASCs after four days of culture in the presence of miR-16-5p inhibitor.

3.2	 3D-transfection with miRNA-16-5p mimic or inhibitors induces 	
	 regulation of the target SMAD3 at the gene and protein level
qPCR was conducted for the miR-16-5p target SMAD3 (Fig. 2A). On the one 
hand, the expression pattern of SMAD3 in the cells transfected with the miR-16-
5p mimics showed a stable downregulation of about 2-fold in magnitude that 
lasted from day 4 to day 14 of culture. On the other hand, the transfection with 
the miR-16-5p inhibitor yielded an increase in the SMAD3 expression of similar 
magnitude for the same period. However, at the time point of 21 days, the gene 
expression of SMAD3 for both groups was not different from that of the cells 
transfected with either mimics or inhibitor control probes.
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Figure 2: (A) Fold regulation (Mean ± SD) of SMAD3 expression in the samples transfected 
with the miR-16-5p mimic and inhibitors normalized to the expression in the mimic 
control and inhibitor control samples respectively. (B) Protein production of SMAD3 with 
respect to GAPDH at time points day 10 and day 21 after encapsulation represented as 
mean with SEM. * indicates p > 0.5

The SMAD3 protein production of the encapsulated cells was investigated by 
western blotting (Figure 2B). The cells transfected with the miR-16-5p mimic 
showed lower SMAD3 protein production than that of the mimic control at both 
10 and 21-day time points, although without statistical significance. Additionally, 
the SMAD3 production in the samples transfected with the miR-16-5p inhibitor 
was the highest at both time points, reaching statistical significance at day 21 
compared to the inhibitor control sample group.

3.3	 Overexpression of miRNA-16-5p favors the tenogenic 		
	 commitment of hASCs in a tendon-mimetic construct.
The expression of several tenogenic markers was investigated in the encapsulated 
cells by qPCRs. It was observed that transfection with miR-16-5p mimic, led 
to an increase in the expression of the tendon markers tenomodulin (TNMD) 
and tenascin-C (TNC) from time point 10 days onwards, reaching the highest 
expression level at day 21. Interstingly, both tendon markers also appear to be 
upregulated at time point 10 days in the cells transfected with the miR-16-5p 
inhibitor. However, such upregulation was followed by a strong downregulation 
at day 14 in the case of the TNMD and day 21 for TNC (Fig. 3).

The expression of the proteoglycan decorin (DCN) was upregulated in the 
miR-16-5p mimic group after time point 10 days, and remained upregulated at 
least until time point 21 days. This pattern was not observed in the miR-16-5p 
inhibitor group, where DCN was strongly downregulated by day 10, followed 
by an increase of the expression on day 14 and a downregulation to levels of 
expression similar to the control group on day 21.

Thesis Carlos - V3.indd   134Thesis Carlos - V3.indd   134 22-03-2024   10:4122-03-2024   10:41



135

Synergistic Effect of miRNA Modulation and Tendon Mimetic Microenvironment

Interestingly, in the gels loaded with miR-16-5p mimics, the transcription factor 
Mohawk (MKX ) was either similar to the control groups or slightly down-
regulated until day 14, after which the expression increased about two-folds 
compared to the control group. By contrast, MKX was upregulated 2-fold at 
time point 4 days in the gels loaded with miRNA-16-5p inhibitor. However, such 
upregulation was immediately followed by a decrease in the expression to levels 
similar to the control groups from day 10 onwards.

Figure 3: Fold regulation (Mean ± SD) of tenogenic markers that resulted dysregulated 
by either mimics or inhibitors of miR-16-5p. (Green=transfection with 16-5p mimic; 
Red= Transfection with 16-5p inhibitor)

It was also observed that the expression of scleraxis (SCX ) remained 
downregulated for both groups (i.e., miR-16-5p mimic and inhibitor) except for 
a transient 2-fold upregulation observed by day 10 in the miR-16-5p inhibitor 
group. A surprisingly similar pattern of expression was observed for COL3A1, 
which was overall down-regulated except for a short-lived increase in the 
expression by day 10 in the miR-16-5p inhibitor group.

4	 DISCUSSION

The use of tendon-mimetic constructs represents a promising tissue-engineering 
strategy to achieve integrative tendon and/or enthesis tissue repair [22]. The fact 
that specific morphological cues can significantly impact cell proliferation and 
differentiation in vitro as well as tissue growth in vivo has been well-documented 
in the scientific literature [23-27]. Additionally, the functionality of the anisotropic 
GelMA hydrogel used in the present study was extensively characterized and 
discussed before [18]. Moreover, the enhancing effects of the anisotropic 
morphology of our GelMa hydrogels on the tenogenic commitment of the 
encapsulated cells are in line with several other reports, where a tendon mimetic 
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morphology is used to promote tenogenic differentiation of mesenchymal stem 
cells (MSCs) [24,26,28-30].

GelMA is a very attractive and inexpensive material for tissue engineering 
applications [31]. One important advantage of working with GelMA based-
hydrogels is that the porosity and stiffness of GelMa hydrogels are easily tunable 
by varying the concentration of GelMA in the hydrogel. Furthermore, they exhibit 
great injectability and UV-cross-linked properties, which makes GelMa a suitable 
material as bio-ink for 3D bioprinting applications [32-34]. For our study, however, 
we aimed to explore another advantageous property of GelMA-based hydrogels, 
which is the ability to encapsulate not only cells but also bioactive molecules, 
such as the microRNA mimics and inhibitors herein used.

Hydrogel-based delivery of miRNA has been effectively used to achieve in situ 
miRNA transfection of MSC. Carthew et al. used a gelatin-PEG hydrogel for in situ 
transfection of the hydrogel-encapsulated MSCs with the osteogenic miRNAs miR-
100-5p and miR-143-3p [35]. They reported an enhancement of the MSC osteogenic 
potential, characterized by increased mineralization and increased osteogenic 
gene expression. Similarly, Lolli et al. used a fibrin/hyaluronan (FB/HA) hydrogel 
to deliver a miR-221 inhibitor to MSCs and promote chondrogenesis. Moreover, 
the authors used the miR-221 inhibitor-loaded FB/HA hydrogel to fill defects in 
osteochondral biopsies that were implanted subcutaneously in mice, achieving 
the consequent enhancement of cartilage repair by endogenous cells in vivo [36].

Our GelMa-based hydrogel showed adequate retention of approximately 80% of 
the miRNA probes after 10 days of casting the hydrogels, which is comparable 
to the retention of encapsulated miRNA probes reported in FB/HA hydrogels 
[36]. This retention would allow for the in situ transfection of the encapsulated 
hASCs in a sustained manner. Moreover, we found that after the first 72h of 
culture, approximately 65 % of the cells were effectively transfected with our 
encapsulated miRNA probes according to the flow cytometric analysis. This is 
a comparable result to that reported by Cartwhew et al. using their gelatin-
PEG hydrogels. The subsequent cell proliferation and the diffusion of the 
miRNA probes within the gels are expected to bring cells and miRNA probes 
in contact to achieve transfection at later time points. Moreover, the observed 
65% transfection efficiency after 72 hours was enough to support the 2-fold 
dysregulation of SMAD3 measured at timepoint 4 days in both miR-16-5p 
inhibitor and mimic groups.

The direct effects of miR-16-5p mimics or inhibitors over the expression of the 
mRNA target SMAD3 were measurable in our samples at least for the first 14 
days of culture. After 21 days of culture, however, the expression of SMAD3 
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was similar in both miRNA mimic and inhibitor groups as well as in the control 
groups. This could be partially attributed to the potential degradation of the 
miRNA probes by the timepoint 21 days. Another plausible explanation could be 
the high number of cells present in the gels at this later time point as a result of 
cell proliferation, which could lead to the depletion of miRNA mimic or inhibitor 
available for transfection.

SMAD3 is a downstream effector of the canonical TGF-β pathway [37]. The 
TGF-β pathway regulates many aspects of tissue development and homeostasis. 
However, it is also involved in many pathophysiological mechanisms [37-39]. 
Several studies support the role of the TGF-β/Smads pathway in the tenogenic 
differentiation of MSCs [40,41]. Conversely, the overactivation of the TGF-β 
pathway in injured tendons has been reported to lead to pro-inflamatory and 
pro-fibrotic responses [42,43].

In our study, the hASCs from the hydrogels loaded with miR-16-5p mimics 
showed decreased levels of SMAD3 and increased expression of TNC, TNMD, 
and DCN compared to the transfection with the miR-16-5p inhibitor. This could 
indicate a more progressive and controlled tenogenic commitment achieved 
upon the downregulation of SMAD3. Such observations are in line with previous 
reports of increased TNMD production and accelerated tenogenic differentiation 
of MSCs upon chemical inhibition of SMAD3 [44]. Furthermore, it has been 
observed that, after SMAD3 inhibition, TGF-β-induced tenogenesis occurs via 
alternative pathways, such as the PTEN/PI3K/AKT pathway [37,44]. Moreover, in 
line with the SMAD3 downregulation, we observed a sustained downregulation 
of the COL3A1 expression in the miR-16-5p mimic transfected cells, which could 
be an indication of a favorable tenogenic commitment instead of fibrogenesis. 
However, it is important to point out that, the downregulation of SMAD3 in 
our miR-16-5p mimic transfected samples does not lead to a total inhibition 
of SMAD3. Thus, some SMAD3 activity, which is as well necessary for tenogenic 
differentiation of ASCs, still persists.

Unfortunately, in our study, we did not explore the effect of the stimulation of 
the encapsulated cells with TGF-β in the presence of the miR-16-5p mimics or 
inhibitors. Future research may incorporate this variable for a more in-depth 
study on the tenogenic commitment of ASCs and the potential therapeutic role 
of miR-16-5p in the context of tendon or enthesis healing. An interesting addition 
could be the supplementation with different members of the TGF-β family since 
different isoforms have been described to intervene in different processes (e.g., 
TGF-β1 in fibrosis, -β2 in tenogenesis, and -β3 in chondrogenesis) [37,41,45]. 
Another variable to consider in the future would be the mechanostimulation 
of the cell-laden hydrogels. We have previously observed that the tendon 
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marker TNMD, recognized as a tension-modulating protein, is upregulated by 
mechanical stimuli [18]. This observation leads to the question as to whether 
the increase in the expression of TNMD observed in our miR-16-5p mimic-laden 
hydrogel could be further amplified by mechanical stimulation, theoretically 
enhancing tenogenesis.

5	 CONCLUSIONS

With the work herein summarized, we have developed and tested an anisotropic 
miRNA-laden GelMa-hydrogel with enhanced tenogenic potential. We reported 
that contrary to what is observed in the presence of the miR-16-5p inhibitor, the 
encapsulation of miR-16-5p mimics within our tendon-mimetic GelMa hydrogels 
can lead to a stable increase in the expression of important tenogenic markers 
for a period of at least 21 days. Thus signifying a potential tenogenic role for 
miR-16-5p.
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1	 DISCUSSION

The tendon-to-bone enthesis remains a challenging site of injury due to its 
structural complexity, poor inherent healing capacity, and inefficient scar tissue 
formation upon injury. Addressing these challenges requires a comprehensive 
understanding of the biomechanics and biology of the tendon-to-bone enthesis, 
as well as the development of advanced therapeutic approaches that promote 
effective healing and tissue regeneration. The work presented in this thesis 
is aimed to advance the field of tendon and enthesis tissue-engineering as 
complement or even alternative to the currently available therapies. Hereafter, 
we will discuss the most significant aspects dealt with in the different chapters 
of this thesis, including the selection of our animal model, the use of biomimetic 
biomaterials, and the potential use of miRNAs as therapeutic tools for tendon 
and enthesis tissue-engineering. Finally, we will explore future directions towards 
a more efficient healing of this intrincate interphase tissue.

1.1	 Selection of an animal model for enthesis regeneration studies
Interphase tissues are remarkably difficult to study. Such difficulty arises 
from many angles, and one of the most overlooked ones has to do with the 
delimitation of the tissue per se. By attaching tendons to bones, the enthesis 
exhibits both tendon and bony zones. However, the term “enthesis” is generally 
used to refer to the continuous structural gradient between both. Although 
such a definition is broadly accepted, it fails to clearly define the beginning and 
end of the enthesis. Similarly, the delimitation between the four zones for the 
fibrocartilaginous entheses or the three zones in the fibrous entheses is, in many 
cases, just an approximation.

The lack of precise boundaries for the enthesis and its zones is a limitation 
that could potentially affect the reproducibility and interpretation of results, 
especially when working with small animal models such as mice or rats. However, 
rodent models are cheaper and easier to handle than their larger counterparts 
[1]. Furthermore, mice and rats have been used as animal models extensively, 
and they continue to be widely employed and studied [2]. These are important 
practical advantages compared to larger animal models like sheep or horses. 
Hence, we opted for rats as an animal model for our enthesis studies. However, 
to ensure the optimal selection of our rodent enthesis model, we proceeded to 
characterize the three most relevant sites of enthesis injury (i.e. Supraspinatus 
enthesis, Achilles tendon enthesis, and patellar tendon enthesis) in these animals. 
This characterization is described in detail in chapter 3 [3]. There, we standardized 
the limits of the enthesis tissue for each localization ensuring that, when 
isolating the entheses, equal portions of the tendon and bony zones would be 
included in the explant together with the interphase tissue. We then investigated 
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mechanical and physical properties, histological features, and gene expression, 
which allowed for the assessment of the similarities and differences between the 
three entheses. Finally, we selected the patellar tendon enthesis as our model 
for enthesis regeneration studies, in particular, due to the larger cross-sectional 
area of the tendon-to-bone insertion site, the strong mechanical properties, and 
the easier access to this localization.

Such comparative characterizations between different anatomical localizations 
are very useful as they allow for pinpointing specific features for each site. In a 
similar study, Lee et al. compared the hierarchical organization of three different 
tendons using a rat model for tendinopathies [4]. They investigated the rat’s tail 
tendon, the plantaris tendon, and the Achilles tendon. As a result, they described 
distinct features for each tendon related to their localization and mechanical 
function, and proposed that each tendon could be used to answer specific 
research questions. Similarly, Prodinger et al. characterized the biomechanical 
behavior and radiological characteristics of the humerus, the tibia, and the femur 
in rats [5]. This comparison allowed the authors to determine that the rat’s femur 
offers the most accurate and consistent biomechanical results, thus, offering the 
best mechanical features for the three-point bending experiments used in many 
rat fracture models.

By performing the comparative characterization between three clinically relevant 
sites of enthesis injury described in Chapter 3, we attempted to maximize the 
reproducibility of our future work and facilitate the translation of pre-clinical 
investigation for specific enthesis injury sites. Furthermore, we established an 
enthesis injury model that was successfully used in chapters 4 and 5 to investigate 
enthesis regeneration and healing.

1.2	 Biomimetic scaffolds for enthesis regeneration
The use of biomimetic scaffolds to recapitulate native morphological features 
for the treatment of injured tissues has a direct and positive effect on cell 
proliferation, differentiation, ECM deposition, and tissue growth [6-9]. The search 
for efficient designs of enthesis-biomimetic constructs capable of enhancing the 
regeneration of the continuous tendon-to-bone interphase has led to a wide 
range of promising findings in the last couple of decades [10-13]. In this context, 
most of the biomimetic strategies aim to develop multilayer scaffolds consisting 
of two to three different phases imitating the morphological and mechanical 
properties of each one of the zones of the tendon-to-bone interphase.

Most published data advocate for the compartmentalization of the enthesis 
zones in the scaffold design to ensure the correct cell differentiation and 
ECM deposition at each one of the enthesis zones. However, in Chapter 4 we 

7

Thesis Carlos - V3.indd   147Thesis Carlos - V3.indd   147 22-03-2024   10:4122-03-2024   10:41



148

Chapter 7

investigated and discussed the positive impact on enthesis regeneration for the 
interphase between the two phases of a biphasic silk-fibroin enthesis scaffold 
that was designed and produced to exhibit a tendon zone, a bony zone, and an 
interconnected transition between the two [14]. Thus, demonstrating that the 
interconnection between the phases was not only important but also desired to 
achieve efficient tissue integration.

In the same way, other authors reported comparable positive outcomes regarding 
enthesis healing when similarly designed constructs were developed for enthesis 
tissue engineering applications [15-17]. Thus, we believe that, at least for the 
foreseeable future, the design of scaffolds/constructs for enthesis regeneration 
will follow the same basic principle, which is to mimic not only the morphology 
of the tendon, fibrocartilage, and bony phases but also the interconnection 
between these phases. Moreover, advances in 3D printing, electrospinning, and 
nanotechnology will allow for better and more precise design of biomimetic 
constructs, capable of a more accurate recapitulation of the native enthesis 
morphology.

However, when it comes to the selection of the biomaterial for the development 
of such constructs, a plethora of options are available, and new ones are being 
developed every day [18]. In Chapter 2, we discussed the applications and potential 
of silk biomaterials in tendon and enthesis tissue engineering applications. Silk 
is a highly attractive biomaterial as it exhibits great biocompatibility and a wide 
range of mechanical properties and tunable physical structures [19]. Hence, it 
can be used as a base material for tissue engineering applications for both soft 
and hard tissues [20,21]. Which makes it an ideal candidate for tissue engineering 
of soft-to-hard tissue interphases.

Our group has explored enhancing the advantages offered by silk fibroin as a 
biomaterial for tissue engineering applications via surface modifications [10,22]. 
First, it was demonstrated that surface modification with lectin wheat germ 
agglutinin (WGA) increased cell adhesion without affecting the proliferation 
and differentiation of adipose-derived stem cells (hASC). Hence, suggesting that 
WGA modification of silk fibroin offers important benefits for the translation of 
silk fibroin scaffolds into clinical applications [22]. Later, it was shown that heparin 
functionalization of silk fibroin scaffolds resulted in increased retention of TGF-β2 
and GDF5, which allowed for a synergistic effect of biological and structural cues 
on the differentiation of stem cells in vitro [10]. We have already demonstrated 
in vivo the importance of the interconnected structural morphology of our silk 
fibroin scaffolds on the regeneration and healing of the enthesis [14]. Thus, we 
will continue to explore the enhancement of such healing capabilities by surface 
modification using in vivo settings in future studies.
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1.3	 miRNAs for enthesis tissue engineering
Upon injury, the mechanisms of enthesis healing elicit the formation of fibrous 
scar tissue at the site of injury that can extend towards the tendon side of the 
enthesis, potentially affecting the mechanical properties not only of the injured 
interphase tissue but also of the adjacent tendon [14,23]. We described in Chapter 
5 the occurrence of fibrosis and ectopic ossification in the tendon portion of a rat 
patellar enthesis after the creation of an injury at the tendon-to-bone insertion 
site. Fibrosis is a major complication in healing tendons that increases the risk of 
subsequent chronic tendinopathies and for which there is no effective treatment 
beyond improvements in surgical and rehabilitation protocols [24,25]. It has 
been hypothesized that the insufficient healing of enthesis and tendon tissues 
is related to the low cellularity and vascularity of these tissues, thus suggesting 
the need for tissue engineering strategies focused on the reduction of fibrosis 
and the enhancement of the true regeneration of the tendon and/or enthesis, 
rather than normal fibrotic scar formation [24].

By performing the characterization of the healing process of the injured rat 
patellar enthesis, we identified a set of dysregulated miRNAs at different 
time points as a result of the injury. Among these, miR-16-5p was one of the 
most upregulated [23]. Consequently, in Chapter 6, we investigated the effect 
of miR-16-5p on the tenogenic commitment of hASCs in a tendon-mimetic 
microenvironment. Thus, describing a potential therapeutic use for miR-16-5p 
in the quest against fibrosis and toward the tenogenic differentiation of hASCs. 
However, each one of the miRNAs found by us to be dysregulated in the injured 
patellar enthesis samples is worth further investigation as many of them have 
mRNA targets which are, or can be relevant, for the process of healing, scar 
formation, and enthesis regeneration [23].

The potential use of miRNAs as therapeutic candidates for tissue engineering 
is an emerging field of study that holds great promise for the treatment not 
only of acute tendon and enthesis injuries but also for chronic, degenerative 
tendinopathies such as Ankylosing Spondylitis [26,27]. However, the development 
of efficient miRNA-based therapies is hindered by important limitations 
including poor stability of naked miRNA and the need for efficient and safe 
delivery methods of the miRNA/inhibitor probes to the injured tissue [28,29]. 
Consequently, by 2021, less than 20 miRNA-targeting molecules had entered 
clinical trials and none progressed to phase III [30].

The work described in Chapter 6 involving the use of miRNA mimics and inhibitors 
was possible thanks to the advances in LNATM (locked nucleic acid) technology. 
LNA technology is based on the use of a bicyclic high-affinity RNA mimic in which 
the sugar ring is locked in the 3’-endo conformation by introducing a methylene 
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bridge group connecting the 2’-O atom with the 4’-C atom. This modification 
greatly enhances the affinity of the probe for its complementary target while 
simultaneously increasing specificity and mismatch discrimination ability [31].

Additionally, a broad range of transfection agents are being investigated for the 
specific delivery of miRNA to their target cells [32]. Among these, lipid-based 
transfection agents are the most popular ones, yielding miRNA complexes with 
variable particle size and charge, which greatly impacts transfection efficiency 
[33]. Alternatively, other studies show that chemical modification of miRNAs 
(e.g. internucleotide linkage modifications, sugar modifications, nucleo-base 
modifications) could enhance the reagent-free delivery capability of miRNA 
probes and avoid some of the concerns related to the use of transfection 
reagents like delivery-associated toxicity, poor transfection efficiency, systemic 
clearance of the delivery agent, and non-specific biodistribution [34-36].

1.4	 Future directions
The work comprised in this thesis is aimed towards the improvement of enthesis 
healing. We demonstrated that a detailed characterization of the healthy tissue 
is necessary and important prior to the design of efficient tissue engineering 
strategies to deal with the respective injured enthesis tissue. Not every enthesis 
is created equally and therefore, a carefully tailored strategy to deal with specific 
enthesis tissues can maximize the outcome of the therapy. To some extent, 
this personalized treatment approach has been the preferred way to go when 
researching tissue engineering strategies to treat the most common sites of 
enthesis injury (i.e., rotator cuff, Achilles tendon, patellar tendon) [37-39]. We 
can only expect that with the progressive gain in knowledge regarding the 
molecular and morphological basis of enthesis injury and consequent healing, 
new therapies will allow for a better, more efficient healing of the tendon-to-
bone enthesis in a tailored manner to meet the specific requirements of each 
enthesis localization.

Similarly, advances in biomaterial science are still needed until we are able to 
produce enthesis scaffolds for implantation in humans that can emulate the 
mechanical properties not only of the tendon or the bone individually, but the 
tendon-to-bone interphase. In Chapter 3, we demonstrated that silk fibroin is a 
suitable material for treating enthesis defects in vivo. However, we did not explore 
the enhancement of the mechanical properties of the scaffold by modifications 
with gradients of mineralization or combinations with other biomaterials. On the 
one hand, mineralization gradients towards the bony side of entheses scaffolds 
have been proven to induce the desired graded osteogenic differentiation that 
could lead to better osteointegration [40]. On the other hand, hybrid scaffolds, 
combining different biomaterials and manufacturing techniques allow for the 
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fine-tuning of the mechanical properties and the osteogenic, chondrogenic, and 
tenogenic differentiation required at the tendon-to-bone interphase [15,41].

We finalized this thesis work by investigating the potential use of miRNAs as 
therapeutic tools to modulate gene expression and aid the process of cell 
differentiation and ultimately, enthesis healing. We opted for the modulation of 
miR-16-5p, an antifibrotic miRNA capable of regulating the TGF-β pathway by 
inhibition of SMAD3. When working with miRNAs, modulation is a keyword, as 
the effects of the modification of the miRNA levels usually induce relatively small 
changes in gene and protein expression [26,42,43]. Nevertheless, such small changes 
are often sufficient to elicit the desired response, as we described in Chapter 6.

We explored the delivery of miRNA probes to ASCs encapsulated in a GelMa-
based, magnetically responsive bioink. Beyond the potential uses for such 
bioactive bioink in the 3D printing of tendon or enthesis mimetic structures, it 
could be an attractive solution for tissue augmentation and the development 
of injectable systems that would allow for the localized delivery of both miRNA 
and cells to the site of injury to aid healing and regeneration. The augmentation 
of tendon healing via the injection of tendon hydrogels has shown promising 
results in vivo [44-46]. Hence, a tendon mimetic hydrogel that is able to deliver 
miRNA mimic or inhibitor probes, to enhance the tenogenic commitment of the 
encapsulated cells, holds the great promise of improving tendon and enthesis 
healing, minimizing fibrosis, and enhancing the regeneration of the native 
features that characterize the uninjured tissue.
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1	 VALORIZATION

Tendons and tendon-to-bone entheses play a fundamental role in the movement 
of the joints upon muscle contraction. Thus, injuries at the tendon or the entheses 
can significantly impair movement, locomotion, and the quality of life of the 
injured patient. This can represent a significant societal and economic burden.

Tendinopathies and enthesopathies refer to different pathological conditions 
that affect the normal physiological function of the tissue. They can result 
from inflammation and/or chronic degeneration of the tissues and are usually 
associated with pain and reduced range of motion of the affected joint. 
Nevertheless, tendon and enthesis injuries can also occur due to a spontaneous 
rupture of the tendon or the tendon-to-bone attachment at the enthesis (e.g., 
total or partial tendon/enthesis tear). Although these ruptures can take place 
without previous symptoms, they are usually attributed to mechanical weakness 
of the tendon or the enthesis due to pathological changes in the tissues [1]. Such 
changes can be due to mechanical overuse, vascularisation, or aging. However, 
tendon rupture can occur in perfectly healthy tendons and entheses when the 
tissue is subjected to tensile loads exceeding their capacity. This is more likely 
to happen during the practice of sports. Hence, the majority of tendon and/or 
enthesis injuries are related to the practice of sports and high-impact physical 
activities, accounting for 50% of all sports-related injuries [2].

High-contact sports like basketball, football, or hockey are particularly prone 
to such injuries. Additionally, repetitive movements and strains in sports like 
tennis and water sports can lead to injuries such as rotator cuff injuries, tennis 
elbow, and joint dislocation. In the United States alone, more than 3.5 million 
sports injuries occur annually, with sprains and strains being the most common. 
Moreover, the incidence of tendon/enthesis ruptures in Europe has been 
estimated to be about 80 in 100,000, while in the United States the incidence 
tends to be higher, about 95 in 100,000 [3]. Furthermore, the prevalence of 
tendon and enthesis injuries is rapidly growing due to, among other reasons, the 
increase in the practice of sports by the elderly population (> 60 years old) [4].

Interestingly, the incidence of tendon and enthesis injuries has also seen an 
increase among the less active members of the population where a sedentary 
lifestyle and rising rates of obesity, diabetes, and the abuse of mutagens like 
alcohol and tobacco smoke have been correlated with the increase in tendon 
and enthesis injuries. In total, tendon and enthesis injuries account for about 
30% of all musculoskeletal consultations [5,6].
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As it has been extensively discussed in this thesis, the mechanisms of healing of 
injured tendons and enthesis often fail to regenerate the native morphology and 
mechanical properties of the uninjured tissue. Moreover, patients suffering from 
tendon and enthesis injury undergo a long and often painful path to recovery [7].

Tendon injuries are currently treated by conservative therapies or surgery 
with very limited success. Approximately three out of ten patients suffering 
from tendon or enthesis injuries undergo surgery after failure of conservative 
therapies. Moreover, some reports indicate that only about 60 % of all restored 
tendons are functional [7]. All in all, the currently available treatments for tendon 
and enthesis injuries suffer from significant limitations, ranging from suboptimal 
healing to the risk of re-injury, and post-operative complications [2,8,9].

The advances in the development and application of tissue engineering strategies 
aimed to aid the healing of difficult-to-treat tissues hold significant promise for 
tendon and enthesis healing. In Chapters 2 and 4 of this thesis, we discussed 
the use of silk as biomaterial to treat tendon and enthesis defects. Silk-based 
biomaterials, such as silk fibroin, offer remarkable properties that make them 
ideal for tendon and enthesis healing. Using silk fibroin, it is possible to mimic the 
extracellular matrix of tendons and tendon-to-bone attachments, while promoting 
cell adhesion, proliferation, and tissue growth. Moreover, effective tendon healing 
involves reducing the formation of scar tissue, as excessive scarring can impair 
tendon function. Silk-based biomaterials, with their ability to guide tissue growth, 
may help minimize scar formation. This was demonstrated in Chapter 4, where 
the use of an enthesis-mimetic silk-fibroin scaffold yielded the best healing of 
an injured patellar enthesis in our rodent model. Furthermore, the use of silk as 
biomaterial enhances the mechanical properties of the healing tissue, making 
it more resilient and less prone to re-injury. This could be especially relevant 
when treating athletes and other patients with high demands on their tendons.

Additionally, in Chapters 5 and 6 we investigated the potential of microRNAs 
(miRNAs) for tissue engineering applications. miRNA-based therapies allow for 
the precise regulation of gene and protein expression, which can be crucial in 
the modulation of the healing response of an injured tissue. In the same way, 
they can be used to restore lost function or treat diseases. Such potential has 
encouraged a multitude of miRNA-based therapies targeting a wide range of 
diseases, some of which have reached clinical trials with promising results, which 
demonstrates the translational potential of these therapies to the clinic. The 
LNA-based antagomir Cobomarsen (MRG-106) that targets miR-155, is currently 
in phase II trials for the treatment of cutaneous T-cell lymphoma and leukaemia 
[10]. MRG-107, another inhibitor of the miR-155 has alleviated symptoms and 
extended the survival in preclinical trials of patients suffering from amyotrophic 
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lateral sclerosis [10]. Moreover, the liposomal formulation of miR-34a known as 
MRX34 is currently in phase I clinical trial exploring the tumor-suppressing effect 
of this miRNA for the treatment of a wide range of cancers, including ovarian 
cancer, colon cancer, cervical cancer, and others [11].

We explored the synergistic effect of a tendon mimetic microenvironment and 
the modulation of an antifibrotic miRNA to enhance the tenogenic commitment 
of mesenchymal stem cells with promising results. Thus, giving the first steps 
towards novel tissue engineering strategies were the combinations of suitable 
biomaterials with optimized biomimetic morphology and the regulation of gene 
expression via the modulation of naturally occurring miRNAs brings us closer to 
the effective healing of tendon-to-bone attachments.

The work summarized in this thesis offers valuable insights into potentially 
efficient tissue-engineering approaches to aid the healing of the tendon-to-bone 
enthesis. As the knowledge about the underlying mechanisms of enthesis and 
tendon healing growths, our understanding of the potential of morphological 
and molecular cues to aid the process of regeneration increases, opening more 
opportunities for innovation and the optimization of treatment strategies. 
Ultimately, offering faster and more effective recovery, minimizing scar tissue 
formation, and reducing the risk of re-injury of patients suffering from tendon 
and enthesis injuries.
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PUBLIC SUMMARY

Tendons connect muscle to bone and therefore, they are of paramount 
importance for the movement and the stabilization of joints. The interphase 
tissue connecting muscles and tendons is called myotendinous junction, and the 
interphase between tendons and bones is called enthesis. The tendon-to-bone 
enthesis is perhaps one of the most challenging interphase tissues to study and 
treat upon injury. This is due to the fact that the enthesis connects two tissues 
with very different mechanical properties.

The soft-to-hard transition found at the tendon-to-bone enthesis consists of 
opposite gradients of collagen alignment and mineralization that allow for a 
smooth stress transfer from tendons to bone. However, the physiology of the 
tendon-to-bone enthesis makes this tissue often a site of injury. Unfortunately, 
the healing process of the enthesis often yields scar tissue with poor mechanical 
properties, which increases the chance of re-injury of the affected tissue.

The currently available therapies and surgical approaches to treat enthesis injuries 
suffer from significant failure rates and patients from tendon or enthesis injuries 
are likely to suffer from re-injuries in the future, even after surgical intervention 
to reintegrate the tendon to the bone.

Advances in tissue engineering offer the hope of developing novel strategies 
to enhance the regeneration of the tendon-to-bone attachment site while 
minimizing scar formation and maximizing the recapitulation of the native 
morphological and mechanical features of the injured tissue. In Chapter 2 
of this book, we summarized the state of the art in terms of current tendon 
and enthesis therapies and the use of biomaterials to enhance and promote 
the healing and regeneration of the enthesis. Furthermore, we stress the 
potential of silk biomaterials in tendon- and enthesis-tissue engineering 
applications. Silk is an attractive biocompatible and cost-effective biomaterial 
with mechanical properties comparable to those of the tendon. Additionally, 
silk-based biomaterials can be combined with other elements and materials 
to create hybrid constructs to improve biocompatibility and to better mimic 
the micro- and macro-environment of the tendon-to-bone attachment site. 
However, in our bodies, we count hundreds of tendon-to-bone entheses, each 
one of them with highly specialized morphology, specifically tailored for their 
anatomical localization and physiology. Thus, in Chapter 3 we investigated the 
mechanical properties, histological features, and gene expression levels of several 
tendon and enthesis markers in three of the most clinically relevant anatomical 
localizations of enthesis injury. By doing so, we improved our understanding of 
the biology and morphology of the native tissue at the supraspinatus enthesis, 
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the patellar tendon enthesis, and the Achilles tendon enthesis. Moreover, from 
such characterization, we selected the patellar tendon enthesis as our model 
for future enthesis studies. This selection was mostly based on the adequate 
mechanical properties of the enthesis at this localization and the large cross-
sectional area of the tendon-to-bone insertion site, which facilitated the handling 
and access to the tissue.

Following the characterization of the three different anatomical localizations, we 
investigated the regeneration of a tendon-to-bone attachment in a rodent model 
for enthesis regeneration. This is described in Chapter 4. There, a defect was 
created in rat patellar enthesis and subsequently treated with two versions of a 
biphasic silk fibroin scaffold. The scaffolds were designed to mimic the tendon-
to-bone transition. However, one scaffold exhibited a smooth, interconnected 
transition between the phases, similar to the native transition characteristic of the 
healthy patellar enthesis while the second version showed an abrupt transition. 
The results of this in vivo study unequivocally demonstrated the superior capacity 
of the silk fibroin scaffold with the interconnected transition between the phases 
to promote the effective healing of the injured patellar enthesis in comparison 
to the scaffold with the abrupt transition. Hence, demonstrating the relevance 
of the morphological cues in the healing and regeneration of interphase tissues.

After demonstrating the positive effects that a biomimetic scaffold has in the 
process of healing and regeneration of an injured enthesis, we decided to research 
molecular cues that could further aid the regeneration of the enthesis. For this 
purpose, we dedicated Chapter 5 to investigate the early healing response of an 
injured patellar enthesis. We looked into the development of fibrosis at the site 
of the injury and more specifically, into the potential role of microRNAs (miRNAs) 
in the regulation of fibrosis and the healing response. MicroRNAs are powerful 
epigenetic regulators of gene expression and they are known to intervene in 
many pathways and biological processes. By looking into the expression patterns 
of fibrosis-related miRNAs, we described a set of at least 13 miRNAs that were 
dysregulated within the first 10 days after an enthesis injury. Furthermore, 
target prediction analysis revealed that these miRNAs have the potential to 
regulate the mRNA expression of several tendon and enthesis markers. From 
this set of miRNAs, we selected one of the most dysregulated ones, miR-16-
5p to investigate its potential use in tendon and enthesis healing applications.

In Chapter 6, we loaded a tendon-mimetic magnetic-responsive GelMa hydrogel 
with mimics or inhibitors of miR-16-5p and human mesenchymal stem cells 
(hMSCs). We then investigated the expression patterns of its direct target SMAD3 
on the encapsulated cells. The 3D-transfections with the miR-16-5p mimic 
resulted in the sustained downregulation of SMAD3, whilst transfections with the 
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miR-16-5p inhibitor resulted in the upregulation of this target gene. Moreover, 
the presence of miR-16-5p mimics promoted the sustained upregulation of key 
tendon markers such as tenomodulin, tenascin-C, and decorin while decreasing 
the expression of collagen III. The opposite pattern was observed when the 
encapsulated cells were transfected with the miR-16-5p inhibitor. The results 
from this chapter highlight a probable tenogenic role for miR-16-5p that should 
be further investigated.

All in all, the work comprised in this thesis delves into the intricate world of 
tendons and entheses healing and the role of different morphological and 
molecular cues in the healing and regeneration process. The results herein 
described not only deepen our understanding of the healing mechanisms in 
play at the tendon and in particular the entheses upon injury, but also pave the 
way for innovative tissue engineering solutions to address their injuries and 
enhance their regeneration.
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PUBLIEKE SAMENVATTING

Pezen verbinden spieren met botten en zijn daarom onontbeerlijk voor de 
beweging en de stabilisatie van gewrichten. Het weefsel dat spieren en pezen 
verbindt, wordt myotendineuze verbinding genoemd, en de interfase tussen 
pezen en botten wordt enthese genoemd. De pees-bot-enthese is misschien 
wel een van de meest uitdagende interfase-weefsels om te bestuderen en te 
behandelen bij letsel. Dit komt door het feit, dat de enthese twee weefsels met 
zeer verschillende mechanische eigenschappen verbindt.

De overgang van zacht naar hard bij de pees-bot-enthese bestaat uit 
tegengestelde gradiënten van collageen-architectuur en mineralisatie, die een 
soepele spanningsoverdracht van pezen naar bot mogelijk maken. De fysiologie 
van de pees-bot-enthese zorgt er echter voor, dat dit weefsel vaak verwond 
wordt. Helaas levert het genezingsproces van de enthese vaak littekenweefsel 
op met slechte mechanische eigenschappen, wat de kans op hernieuwd letsel 
van het aangetaste weefsel vergroot.

De momenteel beschikbare therapieën en chirurgische oplossingen voor de 
behandeling van entheseletsel hebben een aanzienlijk percentage mislukkingen. 
Patiënten met pees- of entheseletsel zullen in de toekomst waarschijnlijk opnieuw 
letsel oplopen, zelfs na een chirurgische ingreep om de pees en het bot te re-
integreren.

Vooruitgang op het gebied van weefselmanipulatie biedt de hoop 
nieuwe strategieën te ontwikkelen om de regeneratie van de pees-bot-
aanhechtingsplaats te verbeteren, terwijl littekenvorming wordt geminimaliseerd 
en het herstel van de oorspronkelijke morfologische en mechanische kenmerken 
van het beschadigde weefsel wordt gemaximaliseerd. In hoofdstuk 2 van dit 
boek hebben we de stand van zaken samengevat betreffende de huidige pees- 
en enthese-therapieën en het gebruik van biomaterialen om de genezing en 
regeneratie van de enthese te bevorderen. Bovendien benadrukken we het 
potentieel van zijdebiomaterialen in het tissue engineering van pees- en enthese-
weefsel. Zijde is een aantrekkelijk biocompatibel en kosteneffectief biomateriaal 
met mechanische eigenschappen, die vergelijkbaar zijn met die van de pees. 
Bovendien kunnen op zijde gebaseerde biomaterialen worden gecombineerd 
met andere elementen en materialen om hybride constructies te creëren om 
de biocompatibiliteit te verbeteren en om de micro- en macro-omgeving van 
de pees-bot-overgang beter na te bootsen. In ons lichaam tellen we echter 
honderden pees-bot-enthesen, elk met een zeer gespecialiseerde morfologie, 
specifiek afgestemd op hun anatomische lokalisatie en fysiologie. Daarom 
hebben we in hoofdstuk 3 de mechanische eigenschappen, histologische 
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kenmerken en genexpressieniveaus van verschillende pees- en enthese-markers 
onderzocht in drie van de meest klinisch relevante anatomische lokalisaties waar 
letsel van enthese voorkomt. Door dit te doen, verbeterden we ons begrip van de 
biologie en morfologie van het natuurlijke enthese weefsel van de supraspinatus-
enthese, de patellapees-enthese en de achillespees-enthese. Bovendien hebben 
we op basis van deze karakterisering de patellapees-enthese geselecteerd als 
ons model voor toekomstige enthesestudies. Deze selectie was grotendeels 
gebaseerd op de adequate mechanische eigenschappen van de enthese op deze 
lokalisatie en het grote dwarsdoorsnedeoppervlak van de pees-bot-enthese, wat 
het hanteren van en de toegang tot het weefsel zal vergemakkelijken.

Na de karakterisering van de drie verschillende anatomische lokalisaties 
onderzochten we de regeneratie van een pees-bot-aanhechting in een 
knaagdiermodel voor enthese-regeneratie. Dit wordt beschreven in hoofdstuk 
4. Daar werd een defect gecreëerd in de patella-enthese van ratten en vervolgens 
behandeld met twee versies van een bifasische zijde-fibroïne-implantaat. 
De implantaten zijn ontworpen om de overgang van pees naar bot na te 
bootsen. Eén implantaat vertoonde echter een vloeiende, onderling verbonden 
overgang tussen de fasen, vergelijkbaar met de oorspronkelijke overgang, die 
kenmerkend is voor de gezonde patella-enthese, terwijl de tweede versie een 
abrupte overgang vertoonde. De resultaten van dit in vivo onderzoek hebben 
ondubbelzinnig het superieure vermogen aangetoond van het zijde-fibroïne-
implantaat met de onderling verbonden overgang tussen de fasen om de 
effectieve genezing van de beschadigde patella-enthese te bevorderen in 
vergelijking met het implantaat met de abrupte overgang. Hiermee wordt de 
relevantie van de morfologische opbouw voor de genezing en regeneratie van 
interfase-weefsels aangetoond.

Nadat we de positieve effecten hadden aangetoond, die een biomimetisch 
implantaat heeft in het proces van genezing en regeneratie van een beschadigde 
enthese, besloten we moleculaire signalen te onderzoeken die de regeneratie 
van de enthese verder zouden kunnen helpen. Voor dit doel hebben we 
hoofdstuk 5 gewijd aan het onderzoeken van de vroege genezingsreactie van 
een beschadigde patella-enthese. We hebben gekeken naar de ontwikkeling 
van fibrose op de plaats van het letsel en meer specifiek naar de potentiële rol 
van microRNA’s (miRNA’s) in de regulatie van fibrose en de genezingsreactie. 
MicroRNA’s zijn krachtige epigenetische regulatoren van genexpressie en het is 
bekend dat ze ingrijpen in veel routes en biologische processen. Door te kijken 
naar de expressiepatronen van fibrose-gerelateerde miRNA’s, beschreven we een 
reeks van ten minste 13 miRNA’s die binnen de eerste 10 dagen na een enthese-
beschadiging ontregeld waren. Bovendien onthulde de analyse van mogelijke 
mRNA doelwitten, dat deze miRNA’s het potentieel hebben om de mRNA-
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expressie van verschillende pees- en enthesemarkers te reguleren. Uit deze 
reeks miRNA’s hebben we een van de meest ontregelde miRNA’s geselecteerd, 
miR-16-5p, om het potentiële gebruik ervan bij toepassingen voor pees- en 
enthese-regeneratie te onderzoeken.

In hoofdstuk 6 hebben we een pees-imiterende, magnetisch reagerende 
GelMa-hydrogel beladen met imitatiemoleculen of remmers van miR-16-5p en 
humane mesenchymale stamcellen (hMSCs). Vervolgens onderzochten we de 
expressiepatronen van het directe doelwit SMAD3 op de ingekapselde cellen. 
De 3D-transfecties met de miR-16-5p-imitatie resulteerden in de aanhoudende 
onderdrukking van SMAD3, terwijl transfecties met miR-16-5p-remmer 
resulteerden in de versterkte expressie van dit doelgen. Bovendien bevorderde de 
aanwezigheid van miR-16-5p-imitatie de aanhoudende expressie van belangrijke 
peesmarkers zoals tenomoduline, tenascine-C en decorine, terwijl de expressie 
van collageen III werd verminderd. Het tegenovergestelde patroon werd 
waargenomen, toen de ingekapselde cellen werden getransfecteerd met de miR-
16-5p-remmer. De resultaten uit dit hoofdstuk benadrukken een waarschijnlijke 
tenogene rol voor miR-16-5p, die verder onderzocht moet worden.

Al met al duikt het werk in dit proefschrift in de ingewikkelde wereld van pezen en 
bekrachtigt genezing en de rol van verschillende morfologische en moleculaire 
signalen in het genezings- en regeneratieproces. De hierin beschreven resultaten 
verdiepen niet alleen ons begrip van de genezingsmechanismen die een rol 
spelen bij de pees en in het bijzonder de enthesen bij letsel, maar maken ook de 
weg vrij voor innovatieve oplossingen voor weefselmanipulatie om verwondingen 
aan te pakken en weefselregeneratie per se te verbeteren.
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