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A flexor tendon injury is acquired fast and is common for athletes, construction workers, and military personnel among

others, treated in the emergency department. However, the healing of injured flexor tendons is stretched over a long

period of up to 12 weeks, therefore, remaining a significant clinical problem. Postoperative complications, arising after

traditional tendon repair strategies, include adhesion and tendon scar tissue formation, insufficient mechanical strength for

early active mobilization, and infections. Various researchers have tried to develop innovative strategies for developing a

polymer-based construct that minimalizes these postoperative complications, yet none are routinely used in clinical

practice. Understanding the role such constructs play in tendon repair should enable a more targeted approach. 
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1. Introduction

The flexor digitorum superficialis, or in short, the flexor tendon, is an irreplaceable part of the human body. Connecting

muscle to bone provides strength and stability, the ability to withstand tension, transmit forces, and release stored energy.

Since tendons are subjected to repeated motions and degeneration over time, they are vulnerable to acute and chronic

injuries . Hand tendon traumas comprise approximately 10% of all emergency department visits and up to 20% of all

injuries treated . Athletes, construction workers, military personnel, and others who make repetitive movements have a

greater risk of injuring the flexor tendon by tearing or rupturing. A trauma impact directly to the hand could also lead to

such an injury. Injured flexor tendons will exhibit a biological attempt to heal the inflicted damage. However, the speed at

which this happens is greatly outpaced by the own capacity of accumulating further damage. Therefore, it should be noted

that flexor tendons cannot undergo spontaneous healing and operational procedures are almost always required . In

addition, flexor tendons have an extended healing period of up to 12 weeks due to their limited blood flow and

hypocellularity .

So far, multiple therapeutic reconstruction techniques such as suturing, auto-, allo-, and xenograft or replacement with a

synthetic prosthesis have been used . Unfortunately, none of these traditional techniques accomplish a long-term

adequate solution for postoperative complications such as infection, wear, tendon scar tissue formation, mechanical

failure, and excessive adhesion formation . The success and effectiveness of these traditional repair techniques are

mostly linked to the degree of undesired postoperative adhesion formation between surrounding tissue and the healing

site . It is important to note that the original mechanical properties are never fully restored after tendon repair due to scar

tissue formation around the healing site. The scar tissue is inferior in mechanical properties due to the predominant

presence of type III collagen, whereas healthy tendon tissue mainly consists of type I collagen. An excessive amount of

type III collagen results in loosely organized fibrils . These complications can be avoided by inducing a healing

response that is faster than the rate of adhesion and scar tissue formation .

New treatment strategies have emerged to overcome these clinical challenges. Tissue engineering for flexor tendon repair

by combining cells and growth factors on interactive scaffolds formed the next promising repair technique . Tissue

engineering has gained popularity in the field of regenerative medicine due to its bioactivity and biocompatibility. The

scaffold is used as a biomaterial that enables critical functions such as cell adhesion, proliferation, cell-biomaterial

responses, and cell differentiation in the body. Scaffold vascularization is often a problem occurring in tissue engineering.

The supply of oxygen through the scaffold to the surrounding tissue is essential for maintaining cellular respiration.

Additionally, cellular functions including proliferation and differentiation are only possible when essential nutrient exchange

and removal of toxins and waste products from the scaffold is ensured . The scaffold must be able to achieve these

functions without inducing an immune reaction . However, compared to the traditional solutions, similar problems, as

described above, appear such as the lack of mechanical strength in vivo which is needed for flexor tendon repair since

they support large mechanical stresses . Therefore, an alternative route of current experimental research is more

focused on producing a material-based mechanical construct that is placed around the damaged tendon area. The
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construct acts as a mechanical and physical barrier to minimize the formed adhesion, without compromising the diffusion

of nutrients and by-products produced by the biodegradation of the construct . The ideal construct should provide

sufficient mechanical support as well as provide the tendon with a controlled environment to regrow and if needed

reattach.

2. New Strategies for the Repair of Flexor Tendon Injuries

The traditional strategies for flexor tendon repair can lead to serious complications, as mentioned above, despite the

positive outcomes in the short term. The need of solving the shortcomings of traditional strategies for flexor tendon repair

techniques has prompted the research of alternatives such as construct designs from polymeric materials that wrap

around the injured tendon, not to be confused with synthetic grafts which replace the injured tendon.

2.1. Biochemical Solutions for Postoperative Complications

Research has shown that several factors affect flexor tendon healing and cell adhesion formation due to the invasion of

external fibroblasts. The formation of post-surgical scar tissue and cell adhesion between surrounding tissue and tendon

constricts tendon gliding and motion, causing a loss in functionality. In some situations, although they are rare, infections

occur after flexor tendon repair . These postoperative complications are still major clinical challenges to overcome.

2.1.1. Peritendinous Adhesion Formation

Adhesion formation can be minimized or even prevented by optimizing the intrinsic healing mechanism. Past researchers

believed that flexor tendon healing was strongly dependent on extrinsic cellular ingrowth, which relies on adhesion

formation at the site of injury. However, it was documented that flexor tendons should have the ability to heal by intrinsic

healing mechanisms alone . Intrinsic healing can be optimized by using biochemical factors to achieve scarless

healing. Current intrinsic healing optimization methods include physical and mechanical barriers to prevent adhesion

formation as well as chemical and molecular compound addition against scar tissue formation . Ideally, physical

barriers are combined with chemical/biological modulation to produce a superior biomaterial construct to prevent

peritendinous adhesion.

Physical barriers form the first method for the prevention of peritendinous adhesion formation. Placing an anti-adhesive

material, acting as a barrier, between the healing site and the surrounding tissue limits the contact between the tendon

injury site and its sheath, diminishing the amount of surface available for adhesion formation. Hereby, the tendon is

restricted to intrinsic healing, healing only to itself and not to surrounding tissue or the tendon sheath .

2.1.2. Infections

Infection is most commonly caused by a significant degree of contamination during the initial injury . Infection rates

increase when the trauma was caused by for example maritime or agricultural activities. In addition, infections depend on

the type of injury with increased infection rates for bite wounds, crush injuries, replantation, and injuries with accompanied

fractures . In 2018, a review paper  reported the most found microbial populations causing flexor tendon

infections such as i.e., Streptococcus pyogenes, Mycobacterium tuberculosis, Mycobacterium tuberculosis,

Staphylococcus, and many more with the latter being the most frequently isolated bacterium. Flexor tendon sheath

infections can have a devastating effect leading to morbidity and even the loss of a finger. Therefore, it is important to

address the presence of such contamination or early infection prior to the surgical procedure. Good results have been

obtained using closed tendon sheath irrigation, antibiotics, and debridement . However, patients with severe pyogenic

flexor tenosynovitis (PFT) are still at risk of morbidity. Leaving PFT untreated will result in rapid deterioration of the gliding

mechanism and will cause adhesion formation. Fast observation and treatment of PFT are essential to prevent the

disruption of finger and hand functionality. A physical examination is needed in order to identify Kanavel’s four cardinal

signs of infections as follows: (i) a finger held in slight flexion, (ii) fusiform swelling of the affected digit, (iii) tenderness

along the flexor tendon sheath, and (iv) pain with passive extension of the digit . Recent development indicates that

it is possible to integrate an antimicrobial compound, such as silver nanoparticles (Ag NPs) , for example,

into material-based constructs used for tendon repair in order to mitigate the infection risk.

2.2. Requirements of Polymeric Materials for Flexor Tendon Repair

Several polymeric (bio)materials have been explored as alternatives to the traditional repair strategies. Neighboring fields

of cartilage and bone tissue engineering formed an inspiration for possible polymer-based constructs. In addition, some

have been specifically developed to mimic the extracellular matrix (ECM) and biomechanical structure of the flexor
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(i) Biodegradability

(ii) Biocompatibility

(iii) Processability and Structure Architecture

(iv) Mechanical Properties

tendon. The ideal polymeric material should cover several requirements such as: (i) biodegradability; (ii) biocompatibility;

(iii) processability and suitable structure architecture, and (iv) sufficient mechanical properties .

Polymeric constructs used for flexor tendon repair are not intended to permanently remain in the

human body. Therefore, the construct must be preferably biodegradable. Biodegradation of such polymeric constructs

releases by-products that should be non-toxic and able to be absorbed by, and ultimately exit, the body through metabolic

pathways. These by-products also may not interfere with other organs in the body . The construct cannot lose its

mechanical properties during the biodegradation prior to the complete healing of the tendon. Generally, flexor tendon

injuries can take 9 to even up to 12 weeks to heal (maturation takes even longer up to 12 months) , which must be

matched with the biodegradation rate. The biodegradation process is greatly influenced by the external environment

where it takes place. Polymer degradation is initiated when it comes into contact with surrounding fluids inside the body.

This degradation process then leads to the formation of lower molecular weight polymers, oligomers, and eventually

monomers by chain scission .

Chemical degradation via hydrolysis (which can be enzyme-catalyzed) is possible on every degradable polymer due to

the presence of hydrolyzable bonds . The molar mass and the degree of crystallinity are proven to have a significant

effect on the degradation rate of polymers and are therefore important parameters to consider when designing a certain

construct. An increase in molecular weight results in an increase of scissions needed to degrade the material . Similar

results can be observed for the degree of crystallinity where an increase resulted in a decrease in the degradation rate.

This can be attributed to the amorphous sections of the polymer which will degrade first .

Research has observed that mechanical loads have a significant accelerating effect on the material biodegradation rate.

Observations were made that the biodegradation rate of poly(D, L-lactic acid) (PDLLA) increased while applying a

continuous tensile load in comparison to no applied tensile load. In addition, the combination of both tensile and

compressive loads had an even further increased effect on the biodegradation rate . The mechanical loading should

always be considered when the biodegradation rate of a biodegradable polymer is regulated.

Biocompatibility is essential when polymeric materials are used for any biomedical application. This

means that the construct should have an appropriate response to the host for flexor tendon repair . Other definitions

describe biocompatibility as non-immunogenic, non-toxic, non-thrombogenic, and non-carcinogenic. In most cases, a

cytotoxicity test is conducted to determine the biocompatibility of a material. Hereby, the effect of toxic agents derived from

the polymeric material on cell viability and cells can be determined . A polymeric material is believed to be cytotoxic

when cell viability is <70%, measured during in vitro cell seeding tests .

Processability is another important requirement to get a construct

commercially and clinically viable. The processing technique used to create the construct should be easy to scale up and

more importantly, be cost-efficient. Polymers can be processed into films/sheets or tubular, nanofibrous membranes by

electrospinning or directly injected in vivo . It is important that the construct enables nutrient, growth factor, and

cytokine permeation during tendon healing, which is possible due to the porosity of the membrane. In addition, porosity

will allow permeation of the degradation by-products through the membrane so they can be metabolized by the body,

avoiding high concentrations of by-products (acidic when polyesters are used) leading to cytotoxicity .

In addition, sufficient porosity must be achieved to be able to promote the formation of blood vessels. Finally, the construct

should also resemble the native ECM as much as possible to avoid rejection of the body, which is an advantage of using

nanofibrous membranes.

When developing a construct, utilized for flexor tendon repair and healing, having good

mechanical properties is an essential factor to take into consideration. Identification of the mechanical strength can be

achieved by measuring the impact resistance of the final construct to maintain its integrity during implantation . Tensile

tests include the most common mechanical tests to evaluate a construct. During tissue remodeling, each application

requires a different working range for mechanical properties as it is desirable that the construction resembles the

mechanical properties of the native organs or tissue. For example, the flexor tendon has ultimate tensile strength (UTS)

values between 2.98–3.98 MPa, in combination with an elongation at a break between 10–12% , which is needed for

immediate active mobilization after repair, during the healing process . Several research projects, focusing on

polymer-based constructs for flexor tendon repair, have tried to achieve these optimum mechanical properties but often

did not succeed, Chen et al.  for example achieved a UTS of 1.43 ± 0.13 MPa. However, last year (2021) Pien et al. 

managed to achieve the required mechanical strength due to the innovative solution of working with a multi-layer

construct, in which the middle layer of polyethylene acts as a Chinese finger trap, increasing the mechanical strength. The
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biomechanical stability also depends on other factors such as degradation rate, absorption at the interface, and elasticity,

which should be considered.

2.3. Materials for Flexor Tendon Scaffold and Construct Designs

Polymeric materials used for flexor tendon repair can either be biological, synthetic (Figure 1), or semi-synthetic.

Biological polymers have gained interest because of the therapeutic properties of the construct itself. Chitosan for

example has both an anti-inflammatory as well as an antimicrobial response . Problems such as toxicity and chronic

immunological reactions, sometimes occurring with synthetic polymers, are frequently avoided using these biological

materials . However, synthetic polymers are widely understood in the field of biomedical applications, mainly for their

mechanical properties and ease of processing into porous structures , compared to biological materials. Biological

polymers do not have this wide variety of possible processing techniques, but their ability to mimic the native ECM and

often better biocompatibility compared to synthetic polymers makes them very interesting . Despite these advantages,

biological polymers often have inferior mechanical properties  and (too) short biodegradation times compared to

synthetic polymers. Finally, other major drawbacks of biological polymers are their high polydispersity, limited purity, and

batch-to-batch molar mass variations  causing varying characteristics which is unacceptable from a biomedical point of

view. Both polymer types have the ability to be functionalized by chemical and biological compounds, controlling their

chemical, biological and physical properties .

Figure 1. Overview of the most commonly used

processing techniques, polymeric materials, structures, and modulations for flexor tendon repair here.

3. Conclusions and Perspectives

Flexor tendon injuries are common and mostly treated operationally. Hereby, several postoperative complications may

occur such as infection, wear, tendon scar tissue formation, mechanical failure, and excessive adhesion formation.

Multiple therapeutic reconstruction techniques, such as grafting or suturing, have been used in the past, but they don’t

offer an adequate long-term solution. Current strategies for preventing the formation of peritendinous adhesion rely mainly

on the inhibition of inflammation, using physical/mechanical barriers for averting wound contact with surrounding tissue,

downregulating the ERK1/2 and SMAD2/3 phosphorylation, and inhibiting the excessive type I/III collagen and

proliferation of fibroblasts. The use of polymer-based constructs can play a variety of important roles in preventing the

formation of adhesion, not only by forming a physical barrier. Most current researchers focusing on flexor tendon repair

develop a construct that is equipped with both anti-inflammatory as well as antimicrobial agents, solving the most severe

postoperative complications occurring during tendon healing. The use of only synthetic or biological polymers is not

sufficient for creating a multi-functional construct, therefore functional materials and combinations of several polymer

types (semi-synthetic) have been engineered in combination with drugs, which are as a result highly effective in

preventing these postoperative complications. Besides the material type, several techniques, structures, and even the

incorporation of chemical and biological drugs have attracted more attention recently and were included. These new
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approaches in the development of new constructs are likely to result in an enhanced healing treatment for flexor tendon

injuries. At present, a lot of these constructs already show great in vivo results in animal models, mostly mice or rabbits,

although only limited studies have been performed on humans. The fast pace of development in the field will undoubtedly

lead to the use of smart materials and multi-functional constructs, used in clinical practice. Although excellent results were

obtained from past research, precise engineered constructs and the development of new drugs are not yet at their peak

performance and the field of flexor tendon repair still requires new approaches and techniques.

Constructs can contain multiple drugs or biological compounds and fulfill combination treatment where the active payload

release could be controlled in the future depending on the healing stage of the tendon. Hence, structures can heal the

damaged or lacerated tendon at the first stage and later help in the maturation period of tendon healing. Active control of

the drug release could also avoid commonly observed burst releases and avoid the accompanying possible side effects.

Nano-based drug delivery has already proven to be successful in other medical fields to eradicate the problem of a burst

release . Future work may include the incorporation of nanoparticles into the nanofibrous constructs, i.e.,

electrospinning. The controlled active drug release can be accomplished in the future by engineering a smart polymeric

construct that could have a trigger based on temperature, pH, electrical signals, magnetic field, and many more. Although

such smart triggers have already been incorporated into other biomedical applications such as tumor immunotherapy ,

temperature-dependent drug and gene delivery , neural tissue engineering , skin wound healing , and many

more, it is not yet developed for flexor tendon repair constructs.
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