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Abstract: Tendon injury is a clinical, societal and economical issue.  Moreover, tendon repair represents an important clinical 

challenge, partly due to the mechanical constraints that occur at the junctions with muscle and bone. Several strategies have been 

developed for tendon repair. In this review, we first assess the importance of tendon injuries from different sites and their causes. After 

a short overview of tendon three-dimensional organization, the complexity of the perfect repair quest is presented ranging from current 

clinical procedures to new engineering scaffolds. We then sum up tendon engineering requirements and focus on new collagen-based 

scaffolds, which raise promising prospects to mimic and repair tendon. In particular, we survey quantitatively a large panel of 

techniques to produce these scaffolds, detailing their principle and recent improvements.   
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1. INTRODUCTION: CLINICAL CHALLENGES

Tendons can present acute or chronic injuries caused by 

extrinsic or intrinsic factors, either alone or in combination 

(Figure 1) [1]. Tendinopathies refer to the various chronic 

conditions that can affect tendons. They can remain silent 

over a large period of time, cause chronic pain and, 

potentially, lead to tendon tears and ruptures. These can 

also occur following lacerations by a sharp object or a 

tensile overload, in which case, it is now believed that an 

underlying tendinopathy is also involved [2], [3]. The term 

tendinitis, previously used, referred to tendon micro-tears 

associated with acute injuries due to an overload, causing 

inflammation, while tendinosis accounted for chronic 

wound following tendon overuse. The term tendinopathies 

is now preferred because there is no assumption about the 

underlying pathology, especially since the role of 

inflammation is still under debate [4], [5]. They are 

associated with a change in remodeling activity of tendon 

matrix.  

External causes of tendinopathies include occupational, 

sporting activities, and prescription drugs [6]. Intrinsic 

factors include age and biomechanical imbalance [1]. The 

etiology of tendinopathies often appears to be multifactorial 

[2], [3], [7]. 

A UK study, performed in an acute Orthopedic Unit 

treating a well-defined catchment population of about 

535,000 and prospectively recording the demographic 

details over 5 years, provided results about the incidence of 

musculoskeletal tissue trauma [8]. One of the findings is 

that about two thirds of tendon injuries relate to the hand. 

Among them, forearm/hand extensor tendon injuries occur 

with an annual incidence of 17.87/100,000, and mallet 

finger involving extensor tendon affecting mobility of the 

last phalanx, at a rate of 9.89/100,000 (Figure 1). A 10-year 

population-based study led in the US, examining hand or 

wrist open wounds secondary to acute trauma and 

involving tendons, found an incidence rate of 33.2 tendon 

injuries per 100,000 person-years, with work-related 

injuries accounting for 24.9% of total [9]. 

Achilles tendon rupture occurs at an annual rate of 

11.33/100,000 according to Clayton et al. (2008) [8] and 

has already been reported with rates ranging from 5.5 to 

18/100,000  (Figure 1) [10]. Most acute ruptures concern 

people in their thirties and forties during sports activities. 

Achilles tendinopathy has a 5.9% lifetime cumulative 

incidence among sedentary people as compared to 50% 

among endurance athletes [11]. Tennis elbow, also known 

as lateral elbow tendinopathy, is secondary to excessive use 

of wrist extensors and forearm supinators. It is usually 

reported to affect 1 to 3% of the population each year, 

however, a descriptive epidemiology study shows a 

decrease in the incidence with a rate of 3.4 per 1,000 [12]. 

The injury incidence in tennis players has been reported in 

proportions between 9 and 35% [13]. The rotator cuff, 

which is composed of four muscle-tendon units that 

originate on the scapula and cover the top of the humeral 

head, can also often be subject to tendinopathy. In a 

prospective study, the sex and age-standardized incidence 

of shoulder pain was evaluated to be 9.5/1,000 among the 

patients presenting to general practice, with a proportion of 

85% related to rotator cuff tendinopathy [14]. The 

incidence of rotator cuff tears was reported to be 

3.73/100,000 [8].   

Figure 1: Location, annual incidence and main cause of 

most frequent tendon injuries.  Data are referenced in the 

text. Sources: [8], [10]–[12]. Body image, courteously 

provided by Servier Medical Art under license 

https://creativecommons.org/licenses/by/3.0/fr/, was 

modified for clarity purpose.  

Work-related musculo-skeletal disorders concerning 

tendons are evident in occupations involving prolonged 

periods of repetitive, static work [14]. The prevalence of 

work related upper limb musculoskeletal disorders in UK 

was estimated to be 730 per 100,000 people in year 

2014/2015 [15]. There is an average of 17.7 working days 

lost for each case. According to the 2005 data collection of 

Eurostat figures on recognized occupational diseases 

(EODS) of 12 member states, the most common musculo-

https://creativecommons.org/licenses/by/3.0/fr/
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skeletal occupational disease was lateral elbow 

tendinopathy (14,155 cases) [14].  In the United States, 

shoulder injury has been found to be the second most 

common cause after back pain for time away from work in 

manual laborers [16]. 41.5% of occupational shoulder 

injuries required more than 31 days away from work in 

2007. In Sweden in 1995 among the 9,398 reported work-

related soft tissue diseases 217 cases involved rotator cuff 

and 538 lateral elbow [17]. Some estimates of the cost of 

work-related upper limb and neck musculo-skeletal 

disorders are between 0.5 and 2% of gross national product 

[17]. 

Due to poor vascularization and low cellularity of the 

tissue, there is limited spontaneous regeneration of tendon. 

Treatments can be conservative or surgical, or a 

combination of both with post-intervention rehabilitation 

programs [2], [5], [10], [16]. Currently there is a high rate 

of re-injury. In the case of small and large rotator cuff tears, 

surgical repairs of ruptured tendons have re-tear rates of up 

to 35 and 94%, respectively [18]. Clinicians assess an 

unsatisfactory clinical outcome after suture for 25% of 

patients with hand tendon lacerations, and 7.7% of these 

repairs re-rupture [19]. 

2. TENDON STRUCTURE AND REMAINING 

QUESTIONS 

Tendons and ligaments belong to connective tissues that 

present a cellular part and an extra-cellular matrix (ECM). 

Cells, out of which tenocytes are predominant, are found 

immersed into the ECM. They synthesize the bio-

components and thus play a major role in the setting and 

renewing of the ECM. This last one is responsible for the 

structural and mechanical properties, and maintains the 

integrity of the tissue [20]. ECM is composed of many 

different biochemical components such as collagens, non-

collagen proteins, and proteoglycans [21][22]. 

Collagens are widespread and play major roles in 

organisms. They constitute a family of 28 members 

[23], all being formed by three polypeptides chains. Each 

chain has repeating amino-acid triplet units -(Glycine-

XY)n-, that extend variably depending on the family 

member, and with X and Y positions frequently occupied 

by proline and hydroxyproline. The presence of those -

(Glycine-XY)n-, repeats leads to polyproline-II segments 

that supercoil into a right-handed helix. Each member of 

the family has different functions and members can be, or 

not, co-localized, depending on the connective tissue 

considered. In tendon, collagens reach a concentration of 

30-31.6% of the wet weight [24], and 60-85% of the dry 

weight of the tissue [22]. In the collagen family, collagen I 

is the major structuring bio-component of the tendon, 

where it is found in its fibril form and arranged into a 

hierarchical manner as we will see later. 

Among the other components found in the ECM, some 

regulate collagen fibril diameters and/or fibrils 

interdistance and mechanical properties. For instance, 

polysaccharides form bridges between fibrils maintaining 

the equidistance between them and contribute in holding 

the three-dimensional network. Those bridges are formed 

by small carbohydrate chains of about 15 kDa [25]. In 

vitro, it was also reported that, in the synthesis of collagen 

scaffolds, the addition of decorin increased their 

mechanical properties. 

Tendon structure has been studied for the past decades and 

by various techniques and under various states. Despite the 

information acquired, the exact organization of tendon in 

living tissues remains unclear. The fact that it may be 

adapted to each location within the body and depend on 

species, does not help in getting a precise idea [26]. New 

developments in microscopy will hopefully bring some 

valuable keys for this understanding [27]–[29]. Anyhow, 

some general characteristics are common to all tendons and 

ligaments and the most important are discussed below. 

 

 

Tendons and ligaments are organized in a hierarchical 

manner that starts with collagen I molecules, which, 

associated by five into “microfibrils”, pack into fibrils [30]. 

The fibrils are further associated into fibers that are joined 

into bundles delineated by the endotenon, a fine ECM of 

another composition and organization. The endotenon is 

continuous with the surrounding connective tissues and 

facilitates sliding between adjacent structures. In particular, 

it is in continuity with the epitenon that further tights 

together bundles of fibers into fascicles. Depending on the 

tendon, fascicles may present another covering layer named 

“paratenon” (Figure 2A). Finally, several fascicles may be 

bound together to give larger units [31]. 

Collagen fibrils within endotenon, epitenon and paratenon 

are not necessarily collinear to the tendon and can be found 

perpendicularly oriented [32]. Those layers possibly 

maintain the integrity at each level from bundles to tendon. 

Figure 2: Schemes illustrating the major structural 

characteristics of extracellular matrix of tendon: (A) 

Hierarchical organization of tendon unit. (B) Helical and 

crimp organization of fascicles (resp. top and bottom). 
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They also possibly take part in its mechanical properties. 

Blood and lymphatic vessels, as well as nerves, are found 

in the endotenon, epitenon and paratenon. 

Cross-polarized optical microscopic observations of 

excised rat tail tendons reveal an overall alignment of the 

bundles along the tendon axis. They also reveal units, from 

10 to 100 μm, with alternating oblique orientations 

compared to the tendon axis. This feature is referred to as 

“crimp” (Figure 2B bottom). Evidence of this crimp was 

further observed by atomic force and electron microscopies 

(scanning and transmission) [33][34]. The crimp was 

suggested to be a natural shock-absorber and to play a role 

in elastic recoil [35]. 

Shah et al. (1982) reported that the crimp was only 

observed at day 16
th

 during the embryonic development of 

chick tarsus metatarsus region. The appearance of the 

crimp correlated with a high increase of collagen content 

between day 14
th

 and day 16
th

 [36]. This suggests the crimp 

to be highly related to the presence of collagen fibrils. On 

the other hand, for Herchenhan et al., (2012) tenocytes, 

cells found inside tendon, induce formation of crimps [37]. 

Their conclusion relies on the fact that, knocking down 

cells using polyoxyethylene (9–10) p-t-octyl phénol (TX-

100) within a biomaterial construct presenting a crimp, 

induces its loss. However, the authors do not take into 

account the fact that TX-100 also interacts with collagen 

and even destabilizes fibrils, possibly contributing to the 

loss of the crimp [38][39]. 

In addition to the overall alignment and the crimp, Vidal et 

al. (2003) analyzed under crossed polarizers transversal 

sections of tendons and showed that fascicles presented a 

helical organization along the tendon axis [40] (Figure 2B 

top). This raises the question on how the crimp structure 

can be compatible with both a cylindrical symmetry and a 

helical organization. Geometrically speaking, one way to 

explain the crimp would be an over-winding of a helical 

organization.  In vivo, under tension, it would be extended 

and fascicles would appear quasi collinear with the 

direction of the tendon. No “crimp” would be 

detected (Figure 3A). However, when tendons are relaxed 

and/or excised, the linear tension would decrease and the 

over-winding would collapse on itself while still being 

constrained transversally by the 90° transverse collagen 

sheath. The crimp would thus appear (Figure 3B). 

  

Mechanical tests made on tendon clearly show the 

difference of mechanical behaviors during the elongation of 

the crimp and after [35]. Computational modeling best fits 

the mechanical experimental data when a helical 

arrangement is injected into the models [41]. Reese et al. 

(2010) further improved the fit by combining a wavy 

pattern with a super-helical arrangement [42]. This data 

comforts the idea of a super-helical structure. 

It has been shown that super-twisted organizations could be 

spontaneously generated in liquid-crystals [43]. Knowing 

that collagen forms different liquid crystal phases 

[44][45][46] that are subject to physico-chemical 

parameters [47], it is not excluded, although there is no 

proof yet, that the over-winding helical organization of 

tendon may also result from simple physical-chemical laws. 

Most probably, cells and physico-chemistry work hand in 

hand. 

Figure 3: Scheme conciliating helix crimp and linear organization:  A single stranded helix is schematized on top, a partial 

super-helix in the middle and a full super-helix on bottom. Boxed by the dotted line, their appearance when observed between 

crossed-polarizers. Crossed-arrows indicate directions of polarizers.  (A) Top: The extended helical strand and beneath the 

projected collagen molecular orientations are represented by lines. All orientations are nearly aligned along the helix axis. 

Middle: The partial super-helix is represented and the molecular orientations being all nearly aligned along one polarizer, the 

crimp is hardly seen and the partial super-helix appears nearly dark. Bottom: the symmetry of the complete super-helix is 

cylindrical. The mean projection of the molecular directions sums up along the axis of the helix. The complete super-helix 

appears dark under crossed-polarizers. (B) Top: The molecular orientations vary along the axis of the helix and present a 

repeating unit of alternating orientations. Middle: The partial super-helix is represented and the molecular orientations varying 

as illustrated above, the crimp is clearly seen as banded pattern under crossed polarizers. Bottom: the symmetry of the complete 

super-helix remains cylindrical with the mean projection of the molecular directions summing up along the axis of the helix. 

The complete super-helix still appears dark under crossed-polarizers.  
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Modifications upon aging, injury and recovery have been 

studied at different levels: biochemical, fibrils (diameter, 

orientation) and crimp (presence or not, period) 

[21][48]. Here, again, it seems that there is not a unique 

scheme of evolution with different observations being 

made depending on tissues and/or species. To further 

highlight the complexity of the living tissues, their studies 

and the different routes to achieve their healing, 

reconstruction or replacement, it should be noted that 

control tendons, which are generally contralateral tendons, 

also see their characteristics being modified, possibly due 

to stress and postural changes during healing process. 

Tendon wound healing process is characterized by three 

different stages: inflammation, repair, and remodeling [5], 

[49]. After injury there is a high release in growth factors, 

cytokines, and an increase in the expression of tendon-

associated molecules, which cellular origins are still 

difficult to trace back [50]. During the repair phase, 

collagen type III is mainly synthesized, leading to the 

formation of a scar tissue with increased cross section area. 

During matrix remodeling, which can last months to years, 

collagen type I synthesis is increased and the newly formed 

fibers are aligned along the longitudinal axis of the tendon. 

The tissue obtained often displays reduced mechanical 

properties due to the presence of disorganized collagen, as 

well as improper non-collagenous molecules and 

exogenous cells recruited at the wound site. These cells can 

lead to the formation of fibrous peritendinous adhesions 

with the surrounding tissue, impairing the normal stress 

transmission and hence the restoration of normally aligned 

collagen fibers [1]. 

The ultimate tendon repair is based on several 

requirements. The prior physiological criteria include, 

among others, the initial strength recovery, the joint 

gliding, the re-rupture avoidance and the shorter return-

time to activity. Early active mobilization of the repaired 

tendon is advocated to improve those properties [19]. It was 

also proved that this early post-surgery stimulation 

increases the collagen type I cell production and that the 

quick tension restoration induces the parallel alignment of 

this renewed collagen [51]. In the following part, the 

different strategies clinically used from sutures to 

decellularized matrices will be described. 

 

3. CURRENT CLINICAL STRATEGIES 

The route chosen to induce healing of the tendon must take 

into account the gravity of the injury. From chronic tendon 

injury to tendon tears, the first objective is to reduce the 

patient’s pain due to the tissue inflammation with specific 

drugs and with rehabilitation exercise [52], [53]. Then, 

emerging treatments consist in delivering growth factors 

through autologous whole blood or platelet rich plasma 

(PRP). Although in vitro studies show that these injections 

impact favorably the collagen production and degradation 

mechanisms [54], their use in clinical cases are 

controversial. Indeed, several questions regarding the 

injection frequency, volume, concentration etc. still remain 

open.  

For acute tendon injury, the treatment depends on the lesion 

severity. If the gap between the two tendon extremities is 

less than 3 mm, the self-healing mechanism is engaged 

[55]. For larger injuries, if the joint motion is altered or 

even completely lost then surgery is needed. The length of 

the gap will determine the approach to be adopted. If the 

gap is less than 3 cm, suture techniques are required to 

rejoin the tendon. In the case of Achilles tendon, the 

conciliation of its 2 ends requires a great force. This is why, 

if the rupture is in an easy access location, surgeons use 

some devices as bone clamp [56] or Integra™  Achillon® 

system [57], [58], to join the tendon and then suture it. It 

should be kept in mind that the more handled is the injured 

tendon the more severe are the tissue trauma and adhesion. 

Wang et al. (2006) have even shown in a murine model that 

the suture directly affects the cellular healing process. The 

acellular zone does not heal and present inflammatory signs 

[59]. 

For gaps larger than 3 cm, augmentation of the ruptured 

tendon with additional implants or grafts is recommended 

[56]. Several types of devices from metallic implants to 

synthetic grafts are commercially available and already 

used by clinicians (Table 1, [60]).  

3.1. Sutures 

Three methods of tendon suturing have been developed and 

optimized: the non-grasping, the grasping and the locking 

anchors. The non-grasping method was first performed on 

finger flexor tendon by Bunnell in 1918 [19] (Figure 4A). 

This technique consists in looping the anchor around the 

epitenon. As a consequence, no collagen fibers bundles are 

injured. On the contrary, the methods based on grasping, 

(opened loop, Figure 4B) and locking anchors (closed loop, 

Figure 4C) pinch the collagen fibers.  

However, those two techniques bring better mechanical 

properties and gapping resistance to the tendon. They took 

the name of their authors Kessler for the grasping suture 

and Krakow for the locking one. The last one is assumed to 

be the more effective and is constantly being improved 

[61]. 

Figure 4: Scheme of the three sutures commonly used to 

repair tendon (Achilles tendon example in back view). 

(A): the non-grasping suture (Bunnell) consisting in 

looping the anchor around the epitenon. (B): the grasping 

suture (Kessler) based on 4 opened loops, which pinch 

collagen fibers. (C): The locking suture (Krackow) made of 

several closed loops. 
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Table 1: Commercially available grafts or implants for tendon repair. The devices written in bold italic are detailed in 

sections 3.2 and 3.3. 

 

Several fibers made of polyester (Ethibond®), nylon, 

polypropylene or a combination of ethylene glycol and 

terephthalic acid (Dacron®) are already clinically used for 

suture alone. They are non-resorbable as they have to 
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maintain more than one year the end-to-end tendon 

extremities [19]. Other materials have been developed for 

suture augmentation, which is a different approach.  

Schliemman et al. (2015) compared the reconstruction of a 

tendon with a polydioxanone (PDS) or cable wire 

augmentation and with suture anchor repair alone. They 

showed that suture augmentation in both cases provides 

less elongation and higher loads (almost a 1.5 factor) than 

the simple suture [62]. A negative aspect of cable wires is 

that a second surgery is needed to remove them. 

Alternative methods have been proposed to avoid the use of 

sutures. Hohendorff et al. (2008) compared post-surgery 

results of Achilles tendon rupture treated either with fibrin 

glue or sutures. They noted that both strategies reached 

almost the same results. Moreover, fewer complications 

were observed for the fibrin glue cohort [63]. Rose et al. 

(2014) also worked on the biological tissue gluing. They 

used solutions of silica nanoparticles (NPs) to glue 

mismatched tissue. They tested it in vitro on a piece of calf 

liver with a created gap of 2 cm. They glued the two ends 

and keep it under finger pressure during 30 s [64]. They 

observed that the two parts of the liver remained attached 

and that the glue did not affect the rigidity or the 

permeability of the tissue. This second approach is very 

promising as it is quite simple and fast to implement. It 

must be tested on tendon to know if the bonds created with 

the silica NPs are strong enough to support physiological 

loads as applied in Achilles tendon sites for months in vivo. 

 

3.2. Metallic implants 

Some other researchers have developed metallic implants 

to achieve tendon repair with the best mechanical 

properties. 

Erol et al. (2007) developed an implant made of stainless 

steel wires with different spiral-shaped structures on sheep 

cadaveric Achilles tendons [65]. Briefly, the prostheses are 

composed of a coiled wire head, which hooks the tendon, 

and a wire passing through it to join the head to the other 

tendon end or bone. They also compared their implant with 

classical sutures. In some cases, they observed the breaking 

of the tendon-implant holding point and the fibering of 

tendon’s ends, raising the problem of the material elastic 

properties. If the material is too stiff compared to the 

tendon, the rupture of the anchor will occur. To have the 

best mechanical properties, it is essential to use materials 

with the same range of elastic modulus as tendon. In their 

preliminary study, they obtained good mechanical results 

compared to sutures alone. But authors advised to use this 

kind of device only for bone-tendon repair. Ağır et al. 

(2014) also investigated this kind of metallic implant. In 

their study, they used stainless steel wires but designed it 

with several loops [66]. The wire is applied from outside 

and allows the transversal anchoring of metallic pins in it. 

Here again, some limitations of the device are explained: 

these implants cannot be used for hand injuries and are 

more suitable for larger body tendons as Achilles tendons. 

Metallic devices such as the Teno Fix® [67] or Tenolig® 

[68] are already commercially available. They were tested 

on cadaveric tendons and on patients respectively. Teno 

Fix® was compared with conventional sutures and no 

biomechanical improvement was shown switching from 

one to the other. Tenolig® exhibits different advantages 

such as the use of percutaneous surgery for the device 

positioning with ultrasonography monitoring to target the 

two Achilles tendon ends, very small wound scares and 

complications occuring only for 1 over 75 patients. The 

return time to sport was estimated to be 9 months. This 

kind of metallic implant is not largely used in clinical 

practice, as studies evaluating their effective improvement 

compared to classic sutures are still rare. Moreover, several 

limitations such as tearing of the site repair have been 

highlighted as mentioned above. Extensive improvements 

of these techniques are needed before becoming a common 

and viable strategy.  

If  the tendon injury has been neglected or if the site of 

injury has a poor quality due to tendinopathy, sutures or 

implants are not sufficient anymore to repair it [69]. 

Furthermore, to avoid the re-rupture, a reinforcement of the 

site is needed. To meet these objectives, grafts can be used. 

The tendon augmentation with grafts consists in adding a 

matrix either around the defect and then suturing it (onlay 

surgery), or in the ruptured tendon and then closing it with 

suture inside (inlay surgery). The combination of the 

classic sutures, which join the two tendon extremities, with 

the graft, may improve tendon repair. The grafts can come 

from different origins: the patient himself (autograft), 

another human being (allograft), animals (xenograft) or 

from synthetic materials. These different grafts are 

successively described in the following part. 

 

3.3. Grafts 

Autografts. 

Sophisticated surgical procedures have been elaborated to 

overcome large tendon defects with patient’s own 

“material”. Three kinds of procedures more or less invasive 

allow accessing the tendon: open, mid-open and 

percutaneous. Beskin et al. (1987) compared four “open” 

techniques on 42 patients suffering from Achilles tendon 

rupture: Bunnell or Kessler sutures, “three bundle”, and 

augmentation, either with the plantaris or with the peroneus 

brevis tendon [70]. These last two methods consist in using 

local tendon transfer to reinforce the Achilles tendon. The 

four techniques show promising results as 85 to 92% of 

patients return to normal long-term activity after the 

surgery. However, in each case, a single long longitudinal 

excision is performed which is very invasive, urging some 

clinicians to develop less invasive techniques. Carmont et 

al. (2007) also used the peroneus brevis tendon to 

reconstruct Achilles tendon [71]. Contrary to Beskin et al., 

they did two para-midline incisions. Skin wounds are 

clearly smaller and skin integrity is preserved. Moreover, 

this allows preserving the surrounded tissues (tendon 

sheath) and may improve tendon’s healing. To follow 

through, other autologous sources for reconstruction can be 
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recruited. Ebied et al. (2016) repaired Achilles tendons 

thanks to free semi-tendinous tendon grafts from upper 

muscles [72]. Shewy et al. (2009) used two intratendinous 

flaps from the proximal gastrocnemius-soleus complex 

[73]. Briefly, they created two flaps in the musculo-

tendinous junction and passed them through the Achilles 

tendon gap. They fixed the flaps extremities to the 

calcaneus (bone). Few complications were observed as 

wound gapping or infection, and long pain after surgery. 

However, this technique showed good results as patients 

recovered their pre-injury sporting activity level.  

The main advantage of these two surgeries is the use of 

highly vascularized tissues in a site close to the injured 

tendon, but less invasive incisions are recommended for the 

future. Autografts present several key strengths such as 

absence of foreign body response, conservation of native 

mechanical properties and vascularization continuity. The 

main inconvenient is the risk of damaging the donor site 

tissue and thus creating new lesions. Moreover, the neo-

tendon reconstructed with surrounding tendons or muscles 

parts is thicker than the native one. This can lead to 

unsightly aspect repair and to patient discomfort on the 

repair site. 

Other strategies to repair injured tendons have been 

developed to avoid creating more lesions in patients. 

Tendon augmentation with xeno- or allograft may be good 

candidates for this purpose.  

 

Xeno- and allografts 

Xenografts are tissues or organs coming from other species 

that are pre-decellularized. Porcine decellularized small 

intestine submucosa (SIS) is the most commonly used 

xenograft. Several clinical studies have been performed to 

assess their effectiveness for tendon repair augmentation. 

Phipatanakul et al. (2009) used SIS (Restore
TM

) for rotator 

cuff repair [74]. As repairs were not convincing and as 

some complications (infections, skin reactions) were 

observed, authors did not recommend SIS for such repair 

augmentation. Sclamberg et al. (2004) came also to the 

same conclusion for this repair area as 5 over 11 patients 

presented worse results after the surgery [75]. Clinicians 

are quite unanimous on this issue. However, SIS may be 

adapted for tendons in other locations such as the foot or 

ankle as only 6 % of the patients showed complications 

such as re-tear or patch failure.  

Other sources of xenografts are also used. Berlet et al. 

(2014) tested the Trellis™  device (a decellularized, freeze 

dried and sterilized porcine dermis), in a ribbon form on 

human cadaveric feet [76]. They created tendon defects 

greater than 5 cm. The tensile testing showed that in most 

cases, the suture failed first. As the tendon ends are not 

joined anymore, the load is only borne by the graft. Thus, 

in comparison with suture alone, the Trellis™ 

augmentation enhanced strength of Achilles tendon repair. 

Other strategies, based on allografts, have been developed 

to overcome some rejection or infection reactions. 

Allografts are ECMs mostly coming from human dermis or 

SIS. Song et al. (2010) compared two commercially 

available devices on a cadaveric sheep model [77]. The first 

one is a xenograft named TissueMend®, which is derived 

from fetal bovine dermis and the second one, an allograft 

named GraftJacket® from human skin. The authors remind 

that grafts of dermis origin have better mechanical 

properties than matrices derived from SIS that were 

previously described. TissueMend® and GrafJacket® 

presented almost the same strength. They both improved 

tendon repair compared to suture alone. Lee et al. (2008) 

also used GraftJacket® matrix to augment tendon repair 

[78]. Clinical tests on Achilles tendon rupture were 

performed. At 3 months, patients recovered full range of 

motion and no re-rupture happened. The return-time to 

activity was about 12 weeks, which is quite encouraging.  

Rather than choosing between xenografts and allografts, 

Hollawell et al. (2015) decided to combine them for 

Achilles tendon repair [79] . They used the allograft to span 

the gap between the two tendon ends and the xenograft 

(Inforce® Reinforcement Matrix) to secure the repair site. 

This graft combination improved the mechanical properties 

and physiological function, and patient pain was reduced. 

Some further investigations of this new strategy must be 

performed to better quantify its benefits. 

Those acellular matrices either from animal or human 

origin show great advantages, overcoming the host reaction 

concerns and leading to good mechanical properties. 

Herbert et al. (2015) evaluated different decellularization 

processes needed to obtain such materials [80]. They 

studied the effect of using acetone or chloroform as fat 

agent reduction and antibiotics or peracetic acid as 

biodecontaminants. They showed that the tensile strength 

and Young modulus of acellular porcine super flexor 

tendons are in the same range as the native one before the 

decellularization. However, this process altered the 

matrices properties at the low strains in the toe region 

where the crimp should play its shock absorber role. A 

potential way to overcome this problem is to reproduce this 

wavy structure. Branch et al. (2011) adopted this strategy 

with allograft for Achilles tendon repair [81]. They cut a 

human dermal acellular mesh in a z-wave shape, which 

finally looked like an accordion. They performed inlay 

surgery with a “strip and shoelace” weave. No re-rupture 

occurred and only one over the 3 case reports presented 

adhesion with the surrounding tissues.  

Regarding the loss of cellular material due to the 

decellularization process, cell-based therapy combined with 

allografts emerged. Gaspar et al. (2015) reviewed the 

different cell strategies [82]. Before being implanted on the 

tendon injury sites, grafts can be sown with cell suspension 

to enhance tendon regeneration. They highlighted the fact 

that the cell type chosen is crucial. Indeed, tenocytes or 

dermal fibroblasts are already differentiated, but their 

available quantity is limited. Progenitor stem cells 

overcome this issue, but can lead to bone ectopic 

formation. Finally, induced pluripotent stem cells may also 

be used on grafts. However, they raised the safety and 

efficiency problems. Güngormüs et al. (2016) used 

tenocytes and seeded them on decellularized rat tendons 
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[83]. Finally, they implanted the cell-seeded scaffold in a 

rat model. No immune reaction occurred and their other 

results suggested that this scaffold improve mechanical 

properties of the repair. 

Even if xeno- and allografts present some advantages, the 

matrix alteration due to the decellularization process is a 

problematic issue as it alters mechanical properties and 

leads to antigenic response [84]. Since it is essential to 

augment tendon with grafts having similar range of 

strength, synthetic grafts have been developed and are 

currently used in clinical practice. 

 

Synthetic grafts 

Two categories of synthetic grafts are used to augment 

tendon. The non-resorbable grafts persist in the body and 

act as a substitute to overcome the lack of tissue. On the 

contrary, resorbable grafts are degraded by the body and 

support the fibrous ingrowth [85].  

Non-resorbable grafts are commonly made of synthetic 

polymers such as polyester (Dacron®), 

polytetrafluoroethylene (PTFE or Teflon®) [86], and 

silicone rubber [87]. Such materials are already clinically 

used. Morrey et al. (2016) evaluated non resorbable 

polypropylene mesh commercially available (Marlex®) on 

8 quadriceps tendons ruptures (knee) [88]. No re-rupture 

occurrence and good range of motion were the main 

advantages of this synthetic augmentation. As they tested it 

on a small cohort, with no mechanical evaluation, further 

studies are needed. Abdullah et al. (2015) evaluated the use 

of polyethylene teraphtalate (PET) mesh called Ortho-

Tape® [89]. They explored this new device on two patients 

who needed hand surgery because of massive tendon loss. 

Promising physiological results were shown. Melvin et al. 

(2010) developed their own device Orthocoupler®, made 

of 32 bundles of thousand PET fibers [90]. They implanted 

it in a goat model. Sixty days after the surgery failure 

forces for the specimens with the synthetic graft were 2.5 

times higher than for sutures in the control group. Sutures 

were too fragile compared to the Orthocoupler® which is 

anchored and sutured in the muscle. It allows reinforcing 

the musculo-tendinous junction.  

Finally, another criteria is the prevention of the tendon 

sheath adhesion. Non-resorbable grafts made of Teflon 

seem to be the appropriate candidates. Indeed, Williams et 

al. (1964) tested them on a dog model and compared them 

with autologous grafts [86]. Adhesions with the 

surrounding tissues were clearly observed for autogenous 

grafts, whereas Teflon graft surfaces glide and allow free 

joint motion. However, they reported some surgery 

problems as the solid anchoring of the Teflon grafts on 

tendon.  

Non-resorbable grafts present some advantages such as 

their biocompatibility, their strength and the absence of 

adhesion with the tendon site. Nevertheless, they cannot be 

degraded, and are generally complicated to implement.   

Resorbable grafts may overcome some of those issues. 

They can be composed of carbon ([91], [92]), polyglactin 

[93], polyglycolic acid (Dexon®) [94], or polylactic acid 

[95]. In the 1970s, Jenkins et al. (1980) investigated 

flexible carbon implants for ligament or tendon injuries. 

Special affinity of the living tissue with carbon was 

observed [91]. Moreover, carbon based scaffolds enhance 

the mechanical properties of the tendon and improve the 

alignment of collagen neo matrix. However, fragmentation 

of this kind of material often occurs and may lead to some 

irritation of the joint. Finally, they should not to be used 

close to metallic implants as they can react together. To 

overcome these drawbacks, Alexander et al. (1983) tried to 

coat carbon implants with polylactic acid but could not 

reduce the fragmentation process [96]. 

In this way, Cao et al. (2001) used unwoven polyglycolic 

acid fibers, which they assembled in a cord shape and 

wrapped with acellular intestinal submucosa membrane 

[97]. Tenocytes were cultured on it. Then, they created a 

2.5 cm long defect in the second digital flexor profundus 

tendon of hen and repaired it with the cell-scaffold. They 

harvested the specimens at 8, 12 and 14 weeks and 

performed histological observations. The longer the graft 

stayed in the body, the better were the biomechanical 

properties. The authors suggested that a minimum time was 

required for a good tissue remodeling of the tendon. 

Histological results showed that the neo-tendon contained a 

large amount of tenocytes and presented its own structure, 

easy to distinguish from native tendon.  

Synthetic polymer scaffolds can also be designed as a 

tissue mesh. Shoaib et al. (2016) performed surgical repair 

in 7 patients suffering from symptomatic chronic Achilles 

tendon rupture with a bio-absorbable polyurethane polymer 

device (Artelon®) [98]. Artelon® can be seen as the 

resorbable equivalent of the Ortho-Tape® previously 

described. They compared this synthetic tendon 

augmentation to the Krakow suture alone. Better results 

were shown with the Artelon® graft. The authors also 

suggested that this device could be used for defect larger 

than 5 cm. Finally, they recommended combining it with 

non-resorbable suture in order to secure the augmentation 

over the years. 

 

We have seen that synthetic grafts show promising results 

for tendon repair and in particular for the mechanical 

properties. However, some concerns persist as they may 

lead to foreign body response. This is also the same for 

xeno-allografts, and in the case of autografts, new lesions 

are created that may lead to secondary surgery in case of 

local degradation. Clinical practices or devices to repair 

tendon get closer to the ultimate goal, but they often lack 

specific criteria as strength or body tolerance. This is why 

some new scaffolds based on biocomponents are currently 

being developed.  Such engineering is not straight-forward 

and needs to meet several strict specifications that we will 

discuss below. 

4. SCAFFOLD DESIGN SPECIFICATIONS FOR 

TENDON REGENERATION 

Tendon being such a specific tissue, with multiscale order 

and high mechanical solicitations, scaffolds for 
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reconstruction must meet several requirements. These are 

dependent on the site aimed for reconstruction. Indeed, 

tendon size and shape can vary greatly, in function of the 

location in the body. Whereas rotator cuff and patellar 

tendons are sheet-like, length and width being in the same 

order and much greater than the thickness, Achilles tendons 

are rather unidimensional, in a rope-like manner shape [99]. 

Typical dimensions are given in Table 2. Mechanical 

properties can also vary according to sites and persons, 

with Young modulus ranging from 0.5 to 1.9 GPa, ultimate 

tensile strength from 50 to 120 MPa and strain at break 

between 5 and 20% [100] [101]. Scaffolds must meet as 

much as possible these properties to resist solicitations and 

promote cell differentiation [102]. Even though tendons 

and ligaments are sometimes indiscriminately named in 

papers given their similarities, they do exhibit differences 

when it comes to mechanical properties. Ligaments are 

usually not as stiff (modulus from 5 to 450 MPa) and 

strong (UTS between 1 and 50 MPa) as tendons and are 

more elastic (strain at break from 10 to 40 %) [101]. 

Another specificity that the scaffolds must mimic is the 

uniaxial structure of tendons, aligned along the direction of 

load. To obtain neo-tendons by promoting cell alignment 

and differentiation, scaffolds should mimic this anisotropy. 

The influence of scaffold anisotropy has been widely 

investigated, by using microgrooves in the micrometer 

scale for instance [103][104]. Scaffold alignment may be 

important down to 100 nm, based on the work of Van Delft 

and co-workers [105].  

Scaffolds for reconstruction must also comply with general 

specifications for regenerative scaffolds. Biocompatibility 

is an obvious specification but its definition is not 

straightforward and has evolved with time. Now, it goes 

further than the old definition, i.e. the absence of immune 

rejection or toxicity, called “bio-tolerable” by Mertz [106], 

adding “the ability of a device material to perform with an 

appropriate host response in a specific situation” [107]. 

Scaffolds should not be inert to the body but bioactive, 

promoting cell adherence and proliferation. Scaffold 

porosity is here paramount to ensure exchanges and cell 

penetration. Besides, the scaffold must be regenerative, 

enabling cell to differentiate and adopt the relevant 

phenotype to reconstruct the ECM. Many parameters are at 

stake here such as mechanical properties of the scaffold, its 

structure and alignment as well as chemical cues [102] of 

the ECM or growth factors. To allow good regeneration, 

the scaffold should at least be biodegradable or even better, 

bioresorbable, based on definitions given by Vert [108]. 

This includes the degradation and the elimination of the 

polymers and by-products. Time of degradation and the 

subsequent change in mechanical properties are also crucial 

for tendon reconstruction but very seldom investigated due 

to the complexity of such a study. To assess the question, 

works on small intestinal submucosa (SIS) in canine 

Achilles tendon repair, carried by Badylak et al. (1995) and 

then Gilbert et al. (2007) are valuable. Badylak et al. 

(1995) reported full use of the injured leg by the dogs after 

9 to 13 weeks and recovery of injured tendon strength after 

12 weeks as assessed by tensile testing [109]. Degradation 

rate of SIS was investigated by Gilbert et al. using carbon 

14 measurements, showing 60% loss after 4 weeks and 

Table 2:  Requirements for an ideal scaffold for tendon repair with description and quantitative criteria when assessable. 
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total degradation after 2 months [110]. Thus, we can 

hypothesize that time span aimed for degradation should be 

around two months and that, after degradation of the 

scaffold, recovery and strengthening continue in the month 

scale.   

Last but not least is the processability of the material. This 

factor is key to meet the specifications listed above and 

remains one of the main challenges for biomaterials, as the 

processing should not degrade their properties. 

In this review, we will focus on the use of collagen I for 

tendon reconstruction as it is the main component of 

tendons and because it is biocompatible and degraded by 

enzyme with low inflammatory response [111][112]. It also 

promotes cell adhesion [113][114] and differentiation 

[102], and is one of the most favorable biomaterials for cell 

survival compared to cheap and easy to use alginate for 

instance, or to chitosan [115]. It is thus a promising 

material that fuels much innovative research [116].  

 

5. COLLAGEN BASED TECHNIQUES 

 

As collagen I fulfills the requirements for regenerative 

scaffolds listed in Table 2, the main challenge is to process 

it to obtain significant mechanical properties and structure 

for tendon repair. This section will describe collagen-based 

techniques, which favor the production of anisotropic 

complex architectures, with a particular emphasis on 

collagen alignment at multiple length scales to better mimic 

tendon structure. Although promising results for tendon 

repair have been obtained with isotropic materials such as 

collagen sponges [117], the focus will be laid on the 

development of scaffolds which 3D organization aims at 

providing mechanical support and cell guidance for 

regeneration.  

5.1. Extrusion 

The extrusion process consists in forcing a material or a 

solution to pass through a die, giving its shape to the 

resulting extrudate. This method provides bars, tubes or 

fibers with a high production rate (few cm/s [118]). 

Collagen solution extrusion was first developed in the 

1960s to create new biosutures for ophthalmic surgeries 

[119]. Since then, the potential of this molecule was 

highlighted leading to its widespread use in tissue 

engineering. Collagen solution extrusion is quite easy to 

implement requiring only a syringe, a needle or tubing, a 

collecting bath and a device to control the flow rate 

(syringe pump) (Figure 5A). Basically, to produce collagen 

threads the syringe is filled with a collagen solution and 

mounted in the syringe pump. Then, the solution will pass 

through the tubing and will go out in a bath containing the 

fibrillogenesis buffer. Finally, some other post-production 

processes can be performed [118], [120]–[126]. Self-

assembly of collagen may occur either with a pH transition 

when using an acidic collagen solution and a basic to 

neutral pH buffer, or through a temperature jump for cooled 

neutral collagen solution. In most studies, the collagen is 

extracted from rat tail (RTT) or bovine Achilles tendons 

(BAT). Zeugolis et al. (2008) compared the properties of 

threads made of RTT or BAT acidic collagen [121]. By 

scanning electron microscopy, they observed no significant 

differences in the substructure of the collagen fibers in the 

two kinds of threads. Collagen concentration of solution 

commonly used ranges from 5 mg/mL to 30 mg/mL in 

acidic conditions (pH=2) [118], [121], [123], [125]–[127]. 

For the fibrillogenesis buffer, the same basis is found in 

different studies: 135 mM of NaCl, 30 mM of TES 

Figure 5: Schematics and resulting scaffolds of extrusion (A) and electrospinning (B) techniques. (A) Top: Schematic of 

the extrusion protocol where acidic collagen solution held in the syringe is forced to pass through the tubing and arrives in the 

fibrillogenesis buffer which induces the thread formation. Bottom: collagen thread extruded from an acidic solution at 30 

mg/mL observed under optical microscope (left) and under scanning electron microscope (right) (Authors, non-published work). 

(B) Schematic of the electrospinning protocol where a high voltage is applied between the nozzle and the collector, forming a 

jet of the polymer solution that dries into fiber. Inset: Resulting fibrous mat from a solution in 1,1,1,3,3,3-hexafluoro-2-propanol 

(Adapted with permission from Bürck et al. (2013) [133]. Copyright 2016 American Chemical Society). 
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(tris(hydroxylmethyl)methyl-2-aminoethane sulphonic 

acid) and 30 mM sodium phosphate dibasic with a resulting 

pH of 7.5 [122], [123], [125], [126]. Other buffers as 

phosphate saline buffer (PBS) [124] or polyethylene glycol 

in sodium phosphate dibasic and monobasic [118] are also 

used. Characteristic dimensions of collagen threads, 

obtained by this technique, range from 100 µm to 1 mm for 

wet diameter and around 20 µm to 100 µm after drying 

[118], [122], [123], [125]. The length depends on the 

syringe volume capacity and the inner diameter of the 

tubing. In general, the mean thread length obtained by this 

technique ranges from few centimeters to about one meter. 

Mechanical properties of collagen strands have been 

measured in a routine manner for dry conditions and, less 

frequently, in wet conditions. Cornwell et al. (2007) 

measured Young modulus of wet collagen fibers around 4 

MPa [127]. Regarding the elastic modulus of native tendon, 

those fibers are between 2 and 3 orders of magnitude 

“weaker”. For the ultimate tensile strength (UTS), 

Cavallaro et al. (1994) [118], Cornwell et al.  (2007) [127] 

and Dunn et al. (1993) [125] obtained results ranging from 

1.2 to 10 MPa. Dunn et al. (1993) also observed that UTS 

decreases when the fiber diameter increases. So, in wet 

conditions, which mimics physiological environment, 

mechanical properties of collagen fibers are still far from 

that of native tendon (Table 2). This is why different cross-

linking (CXL) agents are commonly used to improve those 

characteristics. Cross-linking process consists in creating 

new bonds between collagen molecules with chemical 

species or external excitation sources. The most commonly 

used on collagen threads are glutaraldehyde, carbodiimide 

(EDC), cyanamide, hydroxysuccinimide (NHS) and 

dehydrothermal treatment (DHT), simple drying process, or 

ultra violet (UV) exposition. 

Kato et al. (1989) have shown that they can produce 

collagen threads cross-linked with glutaraldehyde having 

an UTS of 50 to 66 MPa in wet conditions. Those results 

are in the same range than UTS of rat tail tendons (33 to 39 

MPa). The UTS is divided by a factor 2 for severe 

dehydration and for EDC treatment. As for Young 

modulus, they reach 400-500 MPa with glutaraldehyde 

CXL process. Zeugolis et al. (2008) evaluated mechanical 

properties of collagen threads hung and dried at room 

temperature [121]. Young modulus of those strands ranged 

from 1 to 3 GPa and UTS from 0.2 to 0.3 GPa. These 

results have similar values as native tendon (Table 2). 

However, we have to keep in mind that in this case, tensile 

testing is performed in dry conditions, which are not close 

to the physiological ones. As for Kato et al. (1989), they 

lose on average 3 orders of magnitude in wet conditions. 

Finally, to have as many bonds as possible, some 

combinations of CXL processes can be used 

(dehydrothermal with cyanamide [125] etc). 

The alignment of collagen fibrils inside the collagen 

threads is also a parameter to take into account. The 

extrusion technique has the main advantage to induce 

collagen fibrils alignment in the longitudinal axis, thanks to 

the high constraints applied when collagen solution is 

forced to pass through the narrow die ([118], [124]). This 

phenomenon can be further increased by stretching the 

threads [122].   

Lai et al. (2011) observed that, in vitro, human fibroblasts 

cultured during 1 or 2 days have an elongated shape 

following the longitudinal axis of the collagen fibrils [124]. 

This suggests that there is some contact guidance of the 

cells on the collagen threads structure. Cornwell et al. 

(2007) highlighted the problem of CXL post-process on 

collagen threads. Indeed, they observed that fibroblast 

migration rate decreased by using CXL agents [127]. A 

compromise between the improvement of mechanical 

properties with CXL techniques and the upgrading of cell 

proliferation must be found. To go further, Dunn et al. 

(1993) implanted their collagen threads in subcutaneous 

space of the rabbit during 4 weeks. The threads were 

surrounded by a fibrous tissue and were colonized by 

inflammatory cells and fibroblasts [125]. Threads 

crosslinked with DHT combined with cyanamide were 

degraded over 4 weeks. Cavallaro et al. (1994) also had 

promising results in a canine ligament model and a rat 

abdominal repair model that can be transposed for tendon 

repair [118]. They noticed the neovascularization and the 

cell infiltration in the collagen threads. In both studies, no 

rejection of the collagen scaffolds was observed.  

5.2. Electrospinning 

Electrospinning is a widespread technique for fibrous 

scaffold production. This method, based on a simple and 

inexpensive set-up, uses an electrical field to cast various 

materials, such as polymer solutions or melts, into fibers, 

making it attractive for tissue engineering. Briefly, a high 

voltage is applied between a grounded target and a needle 

provided with the liquid of interest, leading to charge 

accumulation at its surface [128], [129]. For sufficiently 

high voltage, the surface tension is overcome, leading to 

the formation of a liquid jet that forms a fiber which dries 

and is collected on the target, resulting in a fibrous mat 

(Figure 5B). 

To achieve electrospinning of a polymer solution, many 

requirements must be met. In addition to the setup 

parameters such as voltage or solution feeding rate, and the 

ambient conditions such as temperature and humidity, 

intrinsic characteristic of the solution are paramount to 

electrospin it.  Ideal solutions must have low surface 

tension and high conductivity [130], viscous enough to 

form a stable jet that does not break before drying [131] but 

not too much to ensure sufficient flowability [132] and dry 

fast before reaching the collector [133]. Usual solvents 

such as acetic acid lack the viscoelastic properties needed 

to form a stable jet and do not evaporate fast enough before 

reaching the collector [133]. Collagen electrospinning was 

achieved using fluoro-alcohols such as 1,1,1,3,3,3-

hexafluoro-2-propanol [134]–[136] and 2,2,2-

trifluoroethanol [137]. However, such a process was proven 

to denature collagen [133], [138]. Indeed, resulting 

collagen is soluble in water, does not exhibit characteristic 

D-banding under transmission electron microscopy and has 
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lower denaturation temperature. Further proofs were given 

thanks to circular dichroism, electrophoresis and infrared 

spectroscopy. Attempts succeeded in electrospinning 

collagen in benign solvent such as Phosphate Buffer Saline 

and ethanol mix [130] or acidic solution with poly(ethylene 

oxide) [139], [140]. Bürck et al. (2013) demonstrated that 

electrospun collagen fiber from this solvent did not 

preserve much better the native structure of collagen and 

that part of the denatured collagen was intrinsically due to 

the electrospinning process and not to the solvent [133]. 

Recently, Elamparithi et al. (2015) reported successful 

electrospinning of collagen in 97:3 acetic acid:DMSO mix 

with fibers exhibiting the characteristic D-banding of native 

collagen [141]. However, no further investigation on native 

collagen content was carried out. The cross-linking of the 

resulting fibrous mat after electrospinning with 1-ethyl-3(3-

dimethylaminopropyl) carbodiimide hydrochloride does not 

allow for water solubility test and give surprisingly low 

mechanical properties with modulus and tensile strength at 

maximum load of a few kPa. This may be suitable for non-

load bearing tissue reconstruction such as cardiac tissue, 

aimed by the authors, but not for tendon reconstruction. 

Thus, electrospinning of collagen for tendon reconstruction 

seems only relevant when collagen is co-electrospun with 

biodegradable synthetic polymers such as poly(l-lactide-co-

ɛ-caprolactone) [142] or poly(L-lactic acid) [100], as it 

improves biocompatibility of synthetic polymers. For 

instance, an interesting work was published by Ladd et al. 

(2011) who electrospan two different polymers with 

collagen to reproduce the musculo-tendinous junction: the 

poly(L-lactic acid), being stiffer, for the tendon part and 

poly(ɛ-caprolactone) for the muscle part [100]. Whereas the 

synthetic polymers provide mechanical strength, the 

collagen promotes good cell viability close to 100% after 7 

days of both C2C12 myoblasts and NIH3T3 fibroblasts 

seeded on each part. 

5.3. Freeze-casting 

Freeze-casting, also called ice-templating, is a common 

technique to produce highly porous scaffolds from 

solutions or suspensions in solvents such as water or 

camphene. Considering a water based polymer solution, by 

simply freezing it, phase segregation occurs between ice 

crystals and a phase concentrated in polymer (Figure 6A & 

B). After freezing, the sample is freeze-dried under 

vacuum, sublimating ice crystals (Figure 6B) and resulting 

in a dried polymer sponge (Figure 6C). Depending on the 

protocol used and the parameters chosen, such as cooling 

rate, final temperature or size and shape of the vessel, it is 

possible to favor different crystalline structures and grow 

ice crystals of different size, thus tuning size and shape of 

the pores [143].  

Enabling production of highly porous and anisotropic 

scaffolds, ice templating of collagen seems promising to 

promote cell proliferation, alignment and differentiation 

required for tendon reconstruction. The pores usually 

obtained in collagen sponges, ranging from 50 to 300 μm, 

are optimal for cell culture. Switching from small to large 

pores can be easily done, by decreasing final temperature or 

cooling rate, or by crystal annealing [144].  

Even though the principle of freeze-drying seems simple, 

the physics behind is not straightforward. Pawelec and co-

workers have realized interesting observations on collagen 

solution freeze-casting and the dependence of pore size 

[145] and anisotropy [146] upon parameters. They also 

investigated the effect of the addition of NaCl and sucrose 

[147], and of heat transfer between the mold and the heat 

sink [148] on collagen freeze-casting. They took their work 

one step further by culturing ovine primary patellar tendon 

cells on freeze-casted collagen uniaxial and anisotropic 

sponges in a fibrin gel [149], exhibiting higher cell 

proliferation, metabolism and matrix production thanks to 

fibrin gels and a cell phenotype control by the collagen 

scaffold structure.  

 
Figure 6: Freeze-casting setup schematics (A) with the 

paths followed on the water phase diagram (B) and a 

resulting collagen sponge observed under SEM (C) and 

a pre-fibrillated collagen scaffold after freeze-casting 

(D).  (A) Freeze-casting schematic where a collagen 

solution is directionally frozen on a metallic cooled plate, 

which other side is dipped in liquid nitrogen and which 

temperature is controlled thanks to a thermocouple and a 

heating coil; causing segregation between ice crystals and a 

concentrated phase in collagen. (B) Water phase diagram 

schematic where the path followed during freeze-casting 

(1) and then freeze-drying (2) is drawn. (C) An isotropic 

collagen sponge observed under SEM (Adapted from 

Davidenko et al. 2015 [150], Creative Common License). 

(D) SEM picture of Lowe et al.’s longitudinal scaffold, pre-

fibrillated before freeze-casting in a high aspect ratio vessel 

(Adapted with permission from Lowe et al. 2016 [151]. 

Copyright 2016 American Chemical Society)    
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Whereas Pawelec and coworkers mainly focused on the 

freeze-casting of the collagen itself, Caliari and coworkers 

rather investigated cell culture on freeze-casted scaffolds 

for tendon reconstruction. Using collagen mixed with 

glycosaminoglycan (10:1) (Coll-GAG), Caliari and Harley 

demonstrated that pores above 150 μm were more 

favorable for cell proliferation and metabolism [152] while 

a mix of Insulin Growth Factor 1 (IGF-1) with 

Growth/Differentiation Factor 5 (GDF-5) was more 

effective to promote cell proliferation, collagen production 

and tendon associated structural protein gene expression 

[153]. Given the relatively low mechanical properties of 

collagen sponges (modulus around 800 kPa in dry state), 

Caliari et al. (2011) made an attempt to compensate this by 

wrapping the freeze-casted scaffold in a collagen air dried 

membrane crosslinked with 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride and N-

hydroxysulfosuccinimide, resulting in a core shell scaffold 

with a 8 MPa modulus, UTS between 0.3 and 0.9 MPa and 

strain at break from 10 to 25 % [154]. Ice templating being 

also promising for bone reconstruction research, they also 

produced a bi-component material Coll-GAG/ Calcium 

phosphate mineralized Coll-GAG (CaP Coll-GAG) 

scaffold to mimic bone-tendon junction, together with 

specific growth factors on each side to study the impact on 

mesenchymal stem cells (MSCs) [155]. Each side exhibited 

up-regulation of pro-osteogenic and pro-tenogenic genes in 

the CaP Coll-GAG and Coll GAG parts respectively.  

In most articles, two points are not tackled. The first and 

more important one is the self-assembly of collagen, which 

could improve mechanical properties, cell adhesion and 

differentiation [113], [114]. The second one is the shape of 

the scaffolds that differs from tendons. Since the geometry 

of the vessel and its filling height highly impact the 

scaffold structure, any modification of the former will 

impact the latter. This increases the difficulty to mimic 

living tissues with this method. However, Lowe et al. 

addressed those two problems [151]. By ice-templating 

self-assembled collagen, they produced high aspect ratio 

and highly aligned porous collagen scaffolds (Figure 6D) 

that could be suitable for Achilles tendon for instance. 

Uniaxial micro features at the surface enabled rat dermal 

fibroblasts and chick dorsal root ganglia explants 

alignment. Precise pore analysis was not reported, neither 

cell culture inside the scaffold. It should be noted that the 

scaffolds were obtained without any cross-linkers, and that 

even though the mechanical properties of the scaffold are 

low (Young modulus ~600 kPa, UTS 150 kPa, strain at 

break 110%), they are in the same range as those obtained 

with cross-linked but not fibrillated scaffolds [154]. The 

addition of carbodiimide cross-linker could further stiffen 

the material. 

On the way to improve mechanical strength and modulus of 

scaffolds, an innovative design was developed by Mozdzen 

et al. [156]. They freeze-casted a collagen-GAG solution 

into a 3D printed acrylonitrile butadiene styrene (ABS) 

array. Even though ABS may not be the most suitable 

polymer for tendon reconstruction because of its lack of 

biocompatibility [157], the composite design of this 

scaffold is of interest. It combines the mechanical strength 

of ABS with the high biocompatibility of collagen sponges. 

Comparing sinusoidal ABS fiber arrays of different 

amplitude to straight ABS fiber arrays, they were able to 

tune elastic properties of the scaffold in a crimp-like 

fashion. This gives a glimpse of the promises held by 3D 

printing for tissue reconstruction.      

5.4. 3D printing 

3D printing, or additive manufacturing, has breached in 

most good manufacturing sectors in the last few years and 

tissue reconstruction is no exception. Based on the 

knowledge acquired on scaffold manufacturing and facing 

new intrinsic problems, it gives high hopes for its capacity 

to design complex macroscopic shapes of scaffolds as seen 

in the previous paragraph, as well as enable precise cell 

deposition. It consists in a layer-by-layer computer aided 

deposition that enables the construction of 3D structure 

designed on the computer. 

This technique is currently used in research on skin, 

cartilage, bone, aortic valve [158]. Different methods of 

deposition have been developed such as inkjet, extrusion 

(Figure 7A left) or laser-assisted bioprinting [158]–[160], 

as well as different hydrogel based inks, called bio-inks 

[115]. The use of collagen as an ink for 3D printing raises 

an obvious interest and is investigated especially for bone 

[161]–[163] and cartilaginous tissue reconstruction [164], 

[165]. However, current research face difficulties to obtain 

self-standing 3D printed structures.  Thus, collagen is often 

used to enhance the bioactivity of widespread bioinks such 

as alginate [166], [167] or agarose [162] that are cheap and 

easy to use but show lower bioactivity compared to main 

components of the ECM. It is also used with calcium 

phosphate [161] for bone reconstruction or mixed with 

fibrinogen [168] that is easy to crosslink.   

 
Other techniques to print collagen self-standing structures 

are the deposition of collagen on a cold plate to freeze the 

solution when deposed [169], [170], or the use of sacrificial 

negative molds [171], [172]. An original process that is 

worth mentioning is the printing of a core-sheath collagen-

alginate structure [173]. 

Here again, collagen is sometimes used without inducing 

fibrillogenesis. Besides, the protocols used can be too harsh 

to incorporate cells in the bio-ink, preventing the use of 

additive manufacturing to deposit cells in an accurate and 

homogeneous way. A few articles deal with pure collagen 

self-assembled during or after printing [164], [174]. 

However, for collagen [174] as well as for fibrinogen 

[168], this leads to tedious protocols where the scaffold is 

incubated, after each layer printing, either at 37°C or with 

thrombin respectively. 
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One currently adopted strategy is the printing side-by-side 

of an artificial biodegradable polymers and a bio-ink with 

incorporated cells. The artificial polymer confers 

mechanical integrity to the scaffold whereas the bio-ink 

allows exact cell deposition with suitable bioactivity [168], 

[175]. To our knowledge, despite the control on porosity, 

macroscopic structure and cell incorporation that this 

technique offers, no article about 3D printing of collagen 

for tendon reconstruction has been published yet. This can 

be explained by the difficulty of handling collagen and the 

poor mechanical properties obtained with collagen in other 

domains such as extrusion. As collagen is often used with 

other bio-inks for its bioactivity, some chose gelatin instead 

for its lower price. For instance, Merceron et al. (2005) 

published the co-printing of two synthetic polymers 

polyurethane (PU) and poly(ɛ-caprolactone) (PCL) together 

with a bio-ink based on hyaluronic acid, fibrinogen and 

gelatin, to reproduce the musculo-tendinous junction [176]. 

The bio-ink contained C2C12 myoblasts on the PU side 

while the bio-ink on the stiffer PCL side contained 

NIH/3T3 (Figure 7A top right). The construct exhibited 

good cell viability (Figure 7A bottom right), high cell 

alignment and characteristic musculo-tendinous gene 

upregulation. They highlighted the ability offered by 3D 

printing to deposit different cell types in precise locations, 

paving the way to complex multicellular scaffolds for 

regeneration. 

 

5.5. Electrochemical techniques  

Applying an electric field to a collagen I monomer solution 

enables to control the spatial aggregation of molecules, 

resulting in collagen membranes [177] or bundles 

measuring 50 to 400 µm in diameter and several 

centimeters in length [178]. Electrochemical reactions 

primarily due to the electrolysis of water create a pH 

gradient. In the pH region corresponding to the isoelectric 

point, the collagen becomes less sensitive to the electric 

field and stops migrating due to global neutral charge 

(Figure 7B top and bottom left, [179]). In these biomimetic 

constructs small fibers are highly oriented along the bundle 

axis, increasing the mechanical properties as compared to 

randomly oriented controls, and inducing an alignment of 

tendon derived fibroblasts that migrate into braided bundles 

[178]. Isoelectric focusing technology was further adapted 

to enhance directional neuronal growth [180]. This study 

also unraveled the underlying hierarchical structure, with 

nanofibrils aggregating into ~500 nm diameter D-banded 

fibrils that align to form fibrils. The influence of phosphate 

buffer and incubation time on strength and D-banding 

pattern of the electrochemically aligned collagen (ELAC) 

threads was also studied and advocated PBS 1X during 12h 

as the optimal fibrillation buffer [181]. After 96h 

incubation, Young modulus could attain 6 MPa in wet 

conditions. The ability to induce tenogenic differentiation 

of human MSCs was evidenced on the threads with the 

increase of tendon specific markers such as scleraxis and 

Figure 7: Schematics and resulting scaffolds of extrusion 3D printing and electrochemical techniques (B). (A) Left: 

schematic of 3D printing setup where a dispensing unit is monitored in the three directions of space by a computer to deposit 

bio-ink layer by layer. Top right: 3D printed scaffold to reproduce myo-tendinous junction, accurately seeded with DiO-labeled 

C2C12 myoblasts (green - top) and DiI-labeled NIH/3T3 fibroblasts (red - bottom) after 1 day in culture. Bottom right: Same 

scaffold after 7 days in culture exhibiting the interface region in yellow.  (B) Top: schematic of the electrochemical technique 

where a voltage is applied to a collagen solution between the anode and the cathode, creating a pH gradient and inducing 

collagen migration to the isoeletric point (pI) region and alignment of the molecules. Bottom left: picture of a thread of 

electrochemically aligned collagen (ELAC) between the two electrodes observed with polarized microscopy. Bottom right: 

picture of a scaffold woven from triple ELAC threads twisted together. (A, top and bottom right) adapted with permission from 

Merceron et al. (2015) [176]. (B, bottom) adapted with permission from Younesi et al. (2015) [179].  
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tenomodulin [182]. An in vivo study was led to assess the 

response of rabbit patellar tendon (PT) to braided ELAC 

threads [183]. Four months post-implantation, cross-

sectional area, mechanical properties and tendon-fascicles 

content of the PTs treated with ELAC were optimized as 

compared to controls, but these differences were not 

evident anymore after 8 months. A low-grade 

granulomatous inflammation was observed at 4 months but 

it spontaneously diminished between 4 and 8 months. 

Different crosslinking strategies were investigated to 

improve the mechanical properties of ELAC threads, and 

the increase of genipin concentration in conjunction with 

highly concentrated ethanol was advocated [184]. Further 

processing was made with the fabrication of collagen 

textiles (Figure 7B bottom right) by weaving ELAC triple 

threads after twisting continuous ELAC threads obtained 

with a kinematically rotating linear electrode pair [185]. 

MSCs seeded in the porous scaffolds underwent tenogenic 

differentiation, and the mechanical properties reproduced 

some aspects of the functional mechanics of native tendon, 

in particular comparable load-displacement curves in the 

linear regions. Computer aided design that helped produce 

patterned electrodes enabled to obtain highly porous 

collagen scaffolds with controlled geometries that can be 

further combined to form layered structures [186]. The 

elastic modulus of these different types of constructs 

ranged from 5-40 MPa.   

 

5.6. Cell-mediated collagen gel compaction  

Cells embedded in loose collagen hydrogels have the 

ability to compact them into denser tridimensional 

constructs. This cell-mediated collagen gel contraction was 

first reported in 1979 by Bell and coworkers [187]. Among 

the first investigators studying this phenomenon, Stopak 

and Harris showed that it stems from cell contractility 

[188]. They also embedded fibroblastic cell explants in 

collagen gels and observed both fiber alignment and cell 

orientation along the axis between the explants. They 

carried out other experiments in which fibroblasts, initially 

dispersed within a gel, could contract the matrix between 

fixed posts (Figure 8A).  

This resulted in complex patterns of crisscrossing strands. 

In order to explain the reorientation of the different 

components of cellularized gels Barocas and Tranquillo 

proposed in 1997 a mathematical model in which fibril 

alignment results from traction forces exerted by the cells 

under anisotropic conditions, such as a mechanical 

constraint or inhomogeneous cell distribution. According to 

this model, cells then align along the fibrils by contact 

guidance [189]. Huang et al. (1993) showed an increase in 

stiffness over time of fibroblast-populated collagen 

constructs between fixed posts, and demonstrated that 

lysyl-oxidase crosslinking activity was necessary for this 

mechanical enhancement [190]. Autologous bone derived 

MSCs were further used for Achilles tendon repair in 

rabbits [191]. In these experiments Young et al. (1998) 

used a cell-gel composite contracted onto a pre-tensioned 

suture (Figure 8B). They showed that the mechanical 

properties were greatly enhanced 12 weeks after 

implantation in 1-cm-long gastrocnemius tendon gaps 

compared to controls implanted with suture material only. 

MSC-collagen composites, implanted into central patellar 

tendon defects of rabbits, showed a significant 

improvement of the biomechanical properties as compared 

to natural repairs, with cells remaining within the repair 

site [192], [193]. No additional benefit of increasing cell 

density, from 1 to 8 million per ml, was observed. 

Formation of ectopic bone in 28% of the composite grafted 

repairs was noticed. Lowering the cell to collagen ratio in a 

different system, where the MSCs were placed into silicon 

dishes between fixed posts 2 weeks prior to implantation 

(Figure 8A), showed no significant difference in material 

and histological properties between implants with 40,000 

cells/mg collagen or 80,000 cells/mg collagen twelve 

weeks after surgery [194]. There was also no significant 

difference in mechanical properties between these implants 

and acellular ones, with an average modulus reaching 20% 

of normal patellar tendons.  

Scaffold-free constructs were also obtained by self-

assembly of collagen and non-collagenous molecules 

produced by rat Achilles tendon cells grown to confluence 

between two pinned sutures, serving as anchor points, for 2 

weeks [195] (Figure 8C). The obtained cylinders presented 

a tangent modulus of 17 MPa, as compared to 27 MPa for 

embryonic chicken extensor tendons. Tendon-skeletal 

muscle constructs were also engineered in vitro in scaffold-

free environment, with the reconstitution of myo-tendinous 

junctions either by co-culturing fibroblasts and myoblasts 

between fixed posts [196] or by pinning tendon constructs 

on muscle cell monolayer [197]. Fibrin has also been used 

as a material for tendon engineered constructs. Kapacee et 

al. showed that in fixed length fibrin gels made with tendon 

Figure 8: Schemes of various types of tendon constructs 

based on cell-mediated gel compaction. On these top-

views cell-gel mixtures are depicted pink, and the 

contraction process is represented over time, from top to 

bottom. (A): Principle of collagen matrix contraction 

between fixed posts, depicted white, as introduced in [186] 

and further developed in [187], where cells and collagen 

gels are first pipetted into wells. The cells contract the gels 

around two posts located at the base of each well. (B): 

Collagen gel-cell composite contracted onto a pre-tensioned 

suture, as introduced in [188]. Each construct was created in 

a glass trough, which contained a tensioned suture 

(horizontal arrows). (C): Tendon construct formation 

between pinned sutures, in the presence of cells only [189], 

fibrin-cell mixture [190], or collagen-cell mixture [191].  
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embryonic cells, fibrin was replaced by aligned collagen 

fibrils within 6 days [198]. Similar tendon constructs were 

also used to investigate the role of transcription factor 

EGR1 towards tendon differentiation by means of forced 

Egr1 expression programmed MSCs in a fibrin gel [199]. 

Neal et al. (2014) developed a method using a PDMS mold 

and a second sacrificial mold, made of gelatin, and placed 

inside, to produce thin fascicle-like constructs, ~100 µm in 

diameter, of fibrin hydrogel with cells embedded in it 

[200]. This strategy enabled to combine molding and cell-

mediated gel compaction of the freely suspended hydrogel 

anchored to the PDMS walls. C2C12 mouse myoblasts 

alignment and maturation were promoted. According to 

preliminary work, the method could also be extended to 

3T3 fibroblasts and horse tenocytes. More recent studies, 

led by two different groups, showed that fibrin gels 

enhance the properties of tendon-engineered constructs 

over collagen-based materials. Yeung et al. (2015) led a 

comprehensive study of chick tendon fibroblast 

transcriptomes inside gels between pinned sutures and 

showed that fibrin-based constructs recapitulated more 

closely gene expression that occurs during tendon 

development as compared with collagen-based ones [201]. 

Cell-synthesized collagen matrix also exhibited better 

fibrils alignment in the fibrin-based gels. Breidenbach et al. 

(2014) showed that for approximately 14 days in cell-gel 

mixtures between posts embryo tendon/ligament progenitor 

cells exhibited enhanced tenogenic expression, collagen 

alignment and linear modulus with fibrin [202]. Still, a 

reduction in mechanical, biological and mechanical 

properties was observed in fibrin constructs submitted to 

cyclic stretching (2.4% strain, 1Hz, 3000 cycles/day) 

whereas this was benefic to collagen constructs. The main 

conclusion is that the various parameters of mechanical 

stimulation must be fine-tuned for each type of construct.  

5.7. Other promising methods 

In this section we will describe some other methods, which 

have been applied to the generation of a high anisotropy 

inside collagen solutions. They often rely on the 

combination of multiple physical phenomena, and adapted 

for a better processability they may be promising 

candidates to generate biomaterials for tendon repair. 

Magnetic alignment 

Torbet and Ronzière were the first to propose the magnetic 

alignment of collagen during self-assembly in solutions at 

low concentration [203]. They used magnetic field 

strengths between 1.9 and 5.6 T. Aligned fibrils being in 

the same plane as the field, they inferred the additional 

ordering effects of surface interactions. Guido and 

Tranquillo further showed that fibril orientation could be 

controlled by independently varying the magnetic field 

strength or temperature during fibrillogenesis, pointing out 

the possible orienting effect of the magnetic field acting 

over an extended fibrillogenesis period due to a lower 

temperature [204].  When human foreskin fibroblasts are 

cultured in the gel, their orientation correlates with that of 

the fibrils. Chen et al. (2011) showed that, in tilapia fish-

scale collagen solutions, fibril alignment can also be 

induced after fibrillogenesis with magnetic fields of 6 or 12 

T [205]. The rheological properties obtained were similar 

in both cases, with either non-prefibrillated or fibrillated 

and crosslinked collagen prior to magnetic treatment, with 

higher values than those of un-oriented gels. Those 

properties were dependent on strength and application time 

of the magnetic treatment. In both cases, collagen fibrils 

maintained a typical D-periodic structure of 60-70 nm. Guo 

and Kaufman (2007) showed that it was also possible to 

obtain fibril alignment with a small magnet by combining 

flow and magnetic field effect [206]. Surface modified 

paramagnetic iron oxide beads placed inside collagen 

solutions induce collagen alignment within areas of 

hundreds of square microns, the domains being larger when 

timescales of gelation and bead motion to the magnet poles 

are similar. Multiple layers of collagen are obtained. C6 

glioma cells embedded in the matrix were able to remodel 

it by bundling the fibers.  

Microfluidic alignment 

Lee et al. (2006) proposed the microfluidic alignment of 

collagen fibrils in dilute solutions under flow, and the 

orientation obtained appeared to be particularly efficient 

within PDMS microchannels 10 to 100 µm wide [207]. 

They inferred that the rapid attachment of fiber precursors 

along the channel walls and the subsequent influence on 

new fiber growth were involved, but mentioned that no 

firm conclusion could be drawn from their experiments to 

provide an explanation. Aortic bovine endothelial cells 

grown on the UV-crosslinked collagen matrix aligned 

along the direction of the fibers. Saeidi et al. (2009) studied 

the formation of fibrils on glass surface under the influence 

of flow between two plates [208]. The height of the 

microchamber could be changed which enabled to vary the 

shear rate at the walls. In this context self-assembly process 

is influenced by shear rate, as well as self-assembly 

energetics and surface energy. Moderately aligned collagen 

fibrils were obtained. They result from the aggregation of 

3-5 nm microfibrils and present no D-banding, possibly due 

to the distortion of the fibrillar structure by the surface 

energy of the glass. The best alignment was observed at 

shear rates between 20 and 80 s
-1

, and above these values 

the fibrils would often turn down-stream due to 

instabilities. Surface bound aligned collagen I matrices 

were produced on copolymer-coated or glass substrates 

thanks to a microfluidic system [209]. Collagen deposited 

under flow was either pre-fibrillated or not.  The 

morphology of the matrices obtained could be controlled. 

Fibril coverage was directly dependent on collagen 

concentration, with extended matrices at 0.8 mg/ml as 

compared to 0.2 and 0.4 mg/ml. The flow rate also had a 

direct impact on the alignment of pre-fibrillated collagen, 

with highest alignment degree at 11 µl/min as compared to 

4 and 0.45 µl/min. A slight decrease of alignment was seen 

on more hydrophilic surfaces. Pre-conditioning of non-

fibrillated collagen (0.8 mg/ml) in heated tubing before 
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entering the channel had a direct impact on the fibers 

obtained, which are longer and more individual after 30 

minutes as compared to 5 and 10 minutes.  

Recently Haynl et al. (2016) used a microfluidic chip 

connected to three syringes to produce collagen microfibers 

upon an increase in the pH and the presence of PEG [210]. 

The diameters of the fibers can be varied depending on the 

extrusion buffer and the flow rates. With a collagen flow 

rate of 50 µl h
-1

 and buffer flow rates in between 235 and 

550 µl h
-1

 the fibers could be collected using a rotating 

spool. The diameters obtained under these conditions are 

around 10 µm and after air-drying from 3 to 6 µm. 

Alignment of the fibrils within the microfibers was 

evidenced by scanning electron microscopy and polarized 

FTIR spectroscopy. Young moduli obtained were 4138 +/-

512 MPa after drying. Neuronal cells cultured on the 

microfibers aligned along the longitudinal axes.  

Rotary shearing 

Yunoki et al. (2015) produced thick collagen gel bundles 

with aligned fibrils by means of rotary shearing to a dense 

collagen solution (1.8%), with gelation triggered upon 

rotation [211]. Well-aligned fibrils, as evidenced by 

scanning electron microscopy and birefringence 

measurements, were observed in the marginal regions of 1-

3 mm thick disc-shaped gels. The optimal shear-rates for 

fibrils alignment were between 2-5 s
-1

. Rectangles and 

dumb-bell-shaped specimens cut from the discs (7*12mm 

and 4*16mm respectively) in the direction of the rotation 

had Young modulus of 180 kPa after crosslinking with 

genipin, as compared to 30 kPa for the rectangles 

perpendicular to the rotation. After EDC/NHS crosslinking 

the values reached were 280 and 130 kPa, respectively. 3T3 

cultured on aligned matrices were spindle-shaped in the 

fibril alignment direction.   

Imprinting 

An innovative technique was invented by Tong et al. to 

study the role played by the biophysical and biochemical 

environment, as well as mechanical properties, on MSCs 

differentiation into tenocytes [102]. They replicated tendon 

structure by imprinting longitudinal sections of bovine 

Achilles tendons with PDMS, making a negative then a 

positive replica reaching sub-micron precision (Figure 9).  

By changing monomer concentration, they were able to 

tune the elastic modulus of the imprint from 0.35 to 

3.5MPa. They demonstrated that surface topography, 

collagen coating, and stiffness were paramount to promote 

MSCs differentiation. In addition to such valuable 

information, this technique could be used to mold scaffold 

for tendon reconstruction, resulting in optimal surface 

topography. 

 

 

Figure 9: Schematics of the imprinting technique. A 

PDMS negative replica of a longitudinal tendon cryo-

section is made to produce a subsequent PDMS positive 

replica.  

Fiber drawing 

Another interesting, yet simple technique, has been 

reported by Paten et al. (2016) [212]. They were able to 

draw centimeter-long collagen fibers with a diameter 

around 50 μm, just by poking a collagen solution drop left a 

few minutes under dry nitrogen atmosphere with a glass 

micro-needle (Figure 10). The flow-induced crystallized 

fibers presented outstanding aligned structure on the outer 

shell. Fibers were stable when kept under strain or in 

polyethylene glycol solution. This could help 

understanding tendon morphogenesis and, above all, by 

weaving such fibers, it could provide a promising and 

simple scaffold production, with inherent high porosity and 

alignment to promote cell proliferation and differentiation.  

Figure 10: Schematics of the fiber drawing technique. 

A glass micro-needle is used to poke the surface of a 

collagen solution left 150s to concentrate under nitrogen 

atmosphere, and draw a fiber. 
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Plastic compression and gel aspiration-ejection 

Plastic compression is a cell-free, controlled process first 

introduced by Brown et al. [213], to produce dense, 

cellular, mechanically strong native collagen structures. 

This technique relies on external mechanical loading and 

capillary fluid flow to expel interstitial liquid. The cell 

viability is high during and after compression of cellular 

collagen gels, even surpassing highly hydrated collagen gel 

counterparts, with an increase in proliferation over time 

[214]. Plastic-compressed collagen gels seeded or not with 

rabbit flexor tendon cells, 20-40 µm thick, were rolled in 

order to produce spiral rolls 22 mm in length x 2.25 mm in 

diameter [215]. These rolls were placed in a test site across 

intercostal spaces in rabbits to provide tensile cyclic 

loading in vivo for 5 weeks. Collagen remodeling and 

tensile mechanical strength were enhanced in the cell-

seeded gels. Gel aspiration-ejection (GAE) technique was 

further developed to produce anisotropic, cell-seeded, 

injectable collagen, without the use of crosslinking 

[216].  After incubation of low concentrated collagen 

solutions the resulting gels are aspirated into capillaries by 

means of a negative pressure applied with a syringe. Fibril 

alignment was evidenced by scanning electron microscopy 

and polarized ATR-FTIR spectra. 3T3-seeded collagen gels 

submitted to GAE showed a rapid orientation of the cells 

along the direction of the fibrils within one day. Constructs 

obtained through this process and exposed to the 

appropriate supplements also accelerated the differentiation 

of seeded murine MSCs towards osteoblastic and neuronal 

lineage, as compared to plastic-compressed cell-seeded 

constructs. 

6. DETERMINANT IMPACT OF MECHANICAL 

STIMULATION 

Tendon development, homeostasis and healing are 

influenced by their loading environment [2]. During 

rehabilitation, a fine balance between complete 

immobilization and loading is necessary to improve ECM 

production and tendon repair [217]. Before implantation, 

engineered constructs can be exposed to static and dynamic 

loads in order to better mimic the in vivo conditions and 

potentially improve their properties. The results obtained 

may also give insights into the influence of mechanical 

stimulation on cell differentiation, activity and on 

biomechanical enhancement (Table 3). 

The influence of uniaxial loads on ECM components was 

studied using collagen constructs without cells. Static 

stretching of self-assembled collagen fibers extruded in 

phosphate buffer, then air dried and rehydrated, induced a 

modulus increase from 1.82 MPa with 0% stretch to 45 

MPa after 50% stretch, measured after air drying [218]. 

Increased collagen fibril orientation was supposedly 

involved based on birefringence values. Static stretching of 

PDMS substrates coated with a multilayer film composed 

of collagen and alginate enabled to produce surfaces with 

aligned collagen fibrils, that were further stabilized with 

genipin crosslinking, with an optimal strain of 100% for 

alignment [219]. Cyclic loading of strips of collagen gels 

obtained by plastic compression promoted fibril fusion as 

evidenced by transmission electron microscopy [220]. 

Tensile tests showed a modulus increase from 244 kPa after 

1 cycle to 535 kPa after 144 cycles, with 20% maximum 

strain for each cycle. There was also an increase in break 

strain and a 4.5 fold rise in break stress. Regarding the 

mechanical stimulation of cells alone, a cyclic axial strain 

applied on human tendon fibroblasts showed a strong 

influence on cell proliferation, highlighting the need to 

fine-tune the stretch [221]. 

Continuous cyclic strain inhibited proliferation of four 

types of cells including rabbit flexor tendon derived cells, 

whereas an intermittent cyclic strain could enhance cell 

proliferation in adipoderived stem cells and sheath 

fibroblasts [222]. Rat bone marrow MSCs submitted to an 

uniaxial cyclic stretching of 10% at 1Hz for durations 

ranging from 3 to 36 h showed an increased expression of 

collagen types I and III and of tenascin-C [223]. The 

percentage of cells oriented along or close to the stretch 

axis was decreased, as previously noticed with ligament 

fibroblasts [103] as well as with epitenon tenocytes [222]. 

The reorientation of the different components of 

cellularized gels under mechanical stimulation thus appears 

complex.  

Garvin et al. imposed a uniaxial strain on bioartificial 

tendons made of avian flexor tendon cells in a collagen gel, 

with an elongation pattern of 1% at 1 Hz for one hour each 

day [224]. Results obtained in the first week of culture 

showed an alignment of the cells along the direction of 

strain and a nearly 3-fold increase in ultimate tensile 

strength as compared to the non-loaded constructs. Human 

bone-marrow derived MSCs in a collagen gel were also 

submitted to a similar stimulation protocol for 30 minutes 

each day [225].  

Expression of scleraxis, the main tendon marker during 

vertebrate development, was up-regulated in the 3D 

constructs as compared to 2D culture, but this was 

maintained over time only in the constructs submitted to 

cyclic loading. The observed tendinous neo-tissue 

development could be associated with matrix remodeling 

activity, in agreement with the noticed modulation of 

matrix metalloproteinases expression. Another study led by 

Scott et al. (2011) with multipotent mesenchymal cell line 

C3H10T1/2 in the same 3D model optimized the protocol 

of stimulation based on the expression of scleraxis and type 

I collagen [226]. The insertion of a 10 s resting period 

between each repetition of stretching cycle (10% strain, 0.1 

Hz) appeared to be a critical parameter.  

Mechanical stimulation of another type of scaffold based 

on collagen type I sponge, with rabbit bone marrow MSCs 

applied on it, was also investigated prior and after surgical 

implantation into patellar tendon central third defects [227], 

[228]. When the peak strain was 2.4%, applied every 5 
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minutes for 8 hours each day for two weeks, the stimulated 

constructs had 4 times the linear modulus and 2.5 times the 

linear stiffness of their non-stimulated counterparts in vitro 

[228].   

This was associated with increased expressions of collagen 

type I and type III. Repair tissues formed with constructs 

stimulated 2 weeks with 4% strain prior to implantation 

showed improved biomechanical properties twelve weeks 

after surgery, the maximal force being 70% of the one 

sustained by normal tendons, versus 55% with non-

stimulated constructs [227]. The stimulated constructs also 

presented a 2.5 rise in linear stiffness in vitro prior to 

implantation. The stimulation protocol was further 

optimized, and peak strain appeared to be a more important 

parameter than cycle number and cycle repetition to 

enhance in vitro stiffness, with an optimized value of 2.4% 

(Table 3) [229]. Constructs made of a mixture of cells and 

collagen gels combined with collagen sponges showed a 

different behavior, with no significant change of the 

biomechanical properties measured prior to implantation in 

the stimulated constructs, the improvement related to 

preconditioning being only present in the repair tissues 

[230]. 

  

Table 3: Mechanical stimulation protocols and main results reported for cells alone, collagen constructs, and mixtures of 

cells and collagen. 
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CONCLUDING REMARKS AND PERSPECTIVES 

In the present review we have seen how current tendon 

repair methods are mainly based on sutures and grafts that 

have proved to be effective while still exhibiting intrinsic 

drawbacks. We have seen that, even though tendon 

structure is not completely understood, tendon 

regeneration based on bioengineered scaffolds is 

promising. Among the different routes available, we 

focused on collagen-based scaffolds, as collagen I stands 

out from other biomolecules as being the main structural 

component of tendon, as well as for its suitable 

biocompatibility. The diversity of techniques and the 

increasing know-how in scaffold design allows tackling 

new exciting aspects such as alignment, multi-scale 

organization, scaffold tailoring or multi-cell deposition.  

However, mechanical properties of collagen scaffolds still 

remain an issue while some other artificial materials 

compete or even overtake tendons’. Still, several authors 

report that, while cross-linking improves mechanical 

properties and resistance to degradation, it may also 

damage collagen or decrease its biocompatibility. A fine 

balance must then be found. Cross-linking methods can 

be classified into two categories: chemical and physical 

cross-linking. Among chemical cross-linkers, widespread 

glutaraldehyde was proven to be cytotoxic [116]. EDC, 

that exhibits significant increase in mechanical properties 

may also decrease biocompatibility and collagen I 

production by cells [120]. More biological cross-linking 

methods such as lysyl-oxydation or glycation may be used 

[116]. Physical cross-linking can be achieved thanks to 

UV irradiation or dehydrothermal process. In some 

preclinical studies, the moderate mechanical properties of 

uncrosslinked collagen scaffolds have been shown to 

increase in vivo. Table 4 compares results obtained in 

animal models with various types of collagen scaffolds, 

among them cross-linked, compacted through cell-

mediated contraction process, plastic-compressed and 

mechanically stimulated prior to implantation. After 

several weeks or months in vivo, most scaffolds exhibited 

partial replacement by neo-fibers and neo-vascularization 

in certain cases. The importance of mechanical pre-

stimulation of cellularized scaffolds prior to implantation 

is highlighted in the works from Juncosa-Melvin et al. 

(2006, 2007) [227], [228], and Shearn et al. (2007) [230]. 

Twelve weeks after implantation in rabbit patellar tendon 

defects the maximal force obtained could reach 70% of 

normal tendons, which is comparable to the study led by 

Cavallaro et al. (1993) [118] using knitted EDC-

crosslinked fibers with results obtained twelve weeks 

after implantation in dog anterior cruciate ligament. 

Finally, this review shows that as bioengineering 

techniques improve, more complex tissues are achievable. 

Thus, some examples of myo-tendinous or bone-tendon 

junction reconstructions have been presented, illustrating 

the further increase of complexity. The development of 

artificial junctions could be paramount to improve overall 

scaffold efficiency and reliability, as well as to increase 

our understanding on the interactions between different 

biomaterials and cells.  
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Table 4: Summary of experiments and main results obtained using newly developed collagen-based scaffolds in 

animal models 
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