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Functionalized nerve conduits for peripheral nerve regeneration: a literature review Les neurotubes fonctionnalisés dans la régénération nerveuse périphérique : Mise au point de la littérature
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Functionalized neurotube are a third generation of conduits with chemical or architectural bioactivity developed for axonal proliferation. The goal of this review is to provide a synopsis of the functionalized nerve conduits described in the literature according to their chemical and architectural properties and answer two questions: What are their mechanisms of action? Has their efficacy been proven compared to the autologous nerve graft? Our literature review relates all kind of conduits corresponding to functionalized neurotubes in peripheral nerve regeneration found in Medline and PubMed Central. Studies developing nerve gaps, chemotactic or structural features promoting each conduit, results, efficiency were selected. Fifty-five studies were selected and classified in: (a) intraluminal neurotrophic factors; (b) cell-based therapy (combined-in-vein muscles, amniotic membrane, Schwann cells, stem cells); (c) extracellular matrix proteins; (d) tissue engineering; (e) bioimplants.

Functionalized neurotubes showed significantly better functional results than after end-to-end nerve suture. No studies can be able to show that neurotube results were better than autologous nerve graft results. We included all studies regardless of effectives to evaluate quality of reinnervation with modern tubulization. Functionalized neurotubes promote basic conduits for peripheral nerve regeneration. Thanks to bioengineering and microsurgery improvement, further neurotubes could promote best level of regeneration and functional recovery to successfully bridge a critical nerve gap.

Résumé

Les neurotubes fonctionnalisés sont une troisième génération de guides de repousse nerveuse avec une bioactivité chimique et architecturale développées afin de favoriser la prolifération et l'orientation axonale. L'objectif de cette revue est de réaliser une synthèse des dispositifs de neurotubes fonctionnalisés décrits dans la littérature selon leurs mécanismes d'action. Leur efficacité est-elle prouvée comparativement à la greffe nerveuse autologue ? Notre revue rapporte tous types de neurotube fonctionnalisé dans le traitement d'un défect nerveux périphérique de Medline et PubMed central. Les articles rapportant la perte de substance nerveuse, les mécanismes d'action, les résultats et l'efficacité des neurotubes fonctionnalisés furent sélectionnés. Au total, 55 articles ont été inclus et classés en (a) facteurs de croissance neurotrophiques intraluminaux, (b) thérapie de régénération nerveuse à base de cellules : veines manchonnées par des fibres musculaires, membrane amniotique, cellules de Schwann, cellules souches somatiques (c) protéines de la matrice extra cellulaire, (d) ingénierie tissulaire (e) bioimplants. Certains neurotubes fonctionnalisés dans la littérature ont de meilleurs résultats fonctionnels que la suture nerveuse simple. Aucune étude n'a pu démontrer significativement la supériorité des neurotubes fonctionnalisés comparativement à la greffe nerveuse autologue. Les neurotubes fonctionnalisés potentialisent les chambres de régénération nerveuse périphérique. Grâce à la bio-ingénierie tissulaire et à la recherche dans le domaine de la régénération nerveuse, de futurs neurotubes fonctionnalisés avec de meilleurs résultats fonctionnels et morphométriques sont à venir dans le traitement du défect nerveux périphérique.

Introduction

Autologous nerve grafts are used to treat post-traumatic peripheral nerve damage, or following surgical tumor or neuroma resection [START_REF] Kornfeld | Nerve grafting for peripheral nerve injuries with extended defect sizes[END_REF]. Since 1956 [START_REF] Rehrmann | Autoplastic repair of the ramus mandibulae, avoiding a lesion of the facial nerve and of large blood vessels[END_REF], nerve conduits have helped guide axon regeneration of peripheral nerves, with or without defects [START_REF] Lee | Controlled release of nerve growth factor enhances sciatic nerve regeneration[END_REF]. This concept has evolved enough that it now competes with autologous nerve grafting [START_REF] Lohmeyer | Prospective clinical study on digital nerve repair with collagen nerve conduits and review of literature[END_REF]. Indeed, third-generation functionalized nerve conduits help support nerve regeneration [START_REF] Gaudin | Approaches to peripheral nerve repair: Generations of biomaterial conduits yielding to replacing autologous nerve grafts in craniomaxillofacial surgery[END_REF] through chemical and structural bioactivity that promotes axonal proliferation and orientation through cellular and molecular processes. Nerve regeneration can be induced by pharmaceutical substances incorporated into biomaterials or functionalized synthetic chambers [START_REF] Zhang | Recent advances in nerve tissue engineering[END_REF]. The ideal structure must be biocompatible, absorbable, flexible, have mechanical properties and be appropriately sized [START_REF] Muheremu | Past, present, and future of nerve conduits in the treatment of peripheral nerve injury[END_REF]. The goal of this review is to provide a synopsis of the functionalized nerve conduits described in the literature according to their chemical and architectural properties and answer two questions: What are their mechanisms of action? Has their efficacy been proven compared to the autologous nerve graft?

Materials and methods

Studies reporting the cause of nerve defects, the conduits used, mechanisms of action, the outcomes, as well as the efficacy of functionalized nerve tubes were selected. Controlled clinical trials, observational or experimental studies on humans or animals were included.

Excluded were articles pertaining to case reports, correspondence, letters to the editor, unpublished articles, studies on non-functionalized nerve conduits, languages other than English or French, in vitro studies, or surgeries not performed on the upper limb in humans.

Research strategy

Two databases were queried for the period between 1972 and 2019: Medline and PubMed Central. The reference list of articles and systematic literature reviews were examined manually and added. The research focused on English and French language publications. The keywords used were "nerve injuries" OR "peripheral nerve regeneration" OR "neurotube" OR "conduits" OR "nerve guides" OR "nerve guidance channels" OR "nerve growth guide" OR "artificial nerve grafts" OR "luminal fillers" OR "luminal additives" OR "growth factor" OR "tissue-engineered scaffolds" OR "bioengineering".

Study selection

The initial screening was made by the first author and, in case of uncertainty, by consulting with the senior authors. After reading the abstracts, the full text was obtained for the relevant studies. Once the entire text had been read, another screening was made based on the inclusion and exclusion criteria. When there were several articles on the same cohort, the publication with the biggest sample was retained to reduce the risk of detection bias. Articles that passed these two screening levels were included in our review.

Data collection and analysis

The information gathered from each study was recorded in a standardized dataset (Excel spreadsheet). The parameters cataloged were first author and year of publication; study type; size of cohort; human or animal model; size of nerve defect; type of nerve conduit; functionalization of nerve conduits based on its mechanism of action. The latter were classified into a) intraluminal neurotrophic factors; b) cell-based therapy for nerve regeneration; c) extracellular matrix; d) tissue engineering; e) bioimplants. In animal models, the efficacy outcome measures were histological analysis (qualitative and quantitative number of axons, axonal myelination levels), immunohistochemistry tests, functional (Sciatic Functional Index) and morphological (gastrocnemius muscle measurement) assessments. In human models, the outcomes were visual analog scale (VAS) for pain, sensory problems, cutaneous sensitivity assessment (Weber S2PD, Semmes-Weinstein test), Jamar dynamometer to measure strength, functional self-assessment (DASH or Quick-DASH score), MRC (Medical Research Council) classification. Complications, such as type of neuroma, pain sequelae, sensory or motor problems, extrusion of the nerve tube, cutaneous necrosis, infection and revision surgery were noted.

Results

The keyword search yielded 11 081 abstracts and among those 1316 studies were eligible and reviewed during the first screening. Of these, 1164 were excluded based on the predefined criteria, as described in Figure 1 (flowchart).

The full text of 152 articles was obtained and subjected to a second screening. A total of 55 studies were included , and divided as follows:

-15 on intraluminal neurotrophic factors [START_REF] Pu | Effects of nerve growth factor on nerve regeneration through a vein graft across a gap[END_REF][START_REF] He | Enhancement of motor nerve regeneration by nerve growth factor[END_REF][START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF][START_REF] Wang | Acceleration effect of basic fibroblast growth factor on the regeneration of peripheral nerve through a 15-mm gap[END_REF][START_REF] Aszmann | Simultaneous GDNF and BDNF application leads to increased motoneuron survival and improved functional outcome in an experimental model for obstetric brachial plexus lesions[END_REF][START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF][START_REF] Sterne | Neurotrophin-3 delivered locally via fibronectin mats enhances peripheral nerve regeneration[END_REF][START_REF] Hobson | VEGF enhances intraneural angiogenesis and improves nerve regeneration after axotomy[END_REF][START_REF] Terris | Brain-derived neurotrophic factor-enriched collagen tubule as a substitute for autologous nerve grafts[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF][START_REF] Zhang | Ciliary neurotrophic factor for acceleration of peripheral nerve regeneration: an experimental study[END_REF][START_REF] Mohanna | Composite PHB-GGF conduit for long nerve gap repair: a long-term evaluation[END_REF][START_REF] Dellon | Effect of submuscular versus intramuscular placement of ulnar nerve: experimental model in the primate[END_REF][START_REF] Walter | Enhanced peripheral nerve regeneration by acidic fibroblast growth factor[END_REF] - 

Characteristics of the studies included

Among the 55 studies included, three were human studies [START_REF] Manoli | Evaluation of sensory recovery after reconstruction of digital nerves of the hand using muscle-in-vein conduits in comparison to nerve suture or nerve autografting[END_REF][START_REF] Riccio | The amnion muscle combined graft (AMCG) conduits: a new alternative in the repair of wide substance loss of peripheral nerves[END_REF][START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF] with only one randomized controlled clinical trial [START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF]. All the other studies were experimental or observational, comparing nerve conduits to nerve grafting or direct nerve repair, with the aim of showing their clinical, histological or functional differences. The nerve defect was 0 to 6 cm in size.

Animal models used the median, femoral or sciatic nerve in rats, the sciatic nerve in mice, the tibial or peroneal nerve in rabbits, the sciatic nerve in dogs or pigs, and the median nerve in primates.

Neurotrophic growth factors (Table 1)

The 15 comparative experimental studies included were on animal models: three on the rabbit's peroneal nerve [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Terris | Brain-derived neurotrophic factor-enriched collagen tubule as a substitute for autologous nerve grafts[END_REF][START_REF] Mohanna | Composite PHB-GGF conduit for long nerve gap repair: a long-term evaluation[END_REF] and 12 on the rat's sciatic nerve [START_REF] Pu | Effects of nerve growth factor on nerve regeneration through a vein graft across a gap[END_REF][START_REF] He | Enhancement of motor nerve regeneration by nerve growth factor[END_REF][START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF][START_REF] Wang | Acceleration effect of basic fibroblast growth factor on the regeneration of peripheral nerve through a 15-mm gap[END_REF][START_REF] Aszmann | Simultaneous GDNF and BDNF application leads to increased motoneuron survival and improved functional outcome in an experimental model for obstetric brachial plexus lesions[END_REF][START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF][START_REF] Sterne | Neurotrophin-3 delivered locally via fibronectin mats enhances peripheral nerve regeneration[END_REF][START_REF] Hobson | VEGF enhances intraneural angiogenesis and improves nerve regeneration after axotomy[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF][START_REF] Zhang | Ciliary neurotrophic factor for acceleration of peripheral nerve regeneration: an experimental study[END_REF][START_REF] Dellon | Effect of submuscular versus intramuscular placement of ulnar nerve: experimental model in the primate[END_REF][START_REF] Walter | Enhanced peripheral nerve regeneration by acidic fibroblast growth factor[END_REF]. These polypeptides ensure neuronal growth, proliferation, survival, differentiation, as well as the inhibition of apoptosis, while promoting the regeneration of neurons and glial cells. A decrease in their concentration will prevent normal nervous system development and induce physiological apoptosis [START_REF] Dellon | Effect of submuscular versus intramuscular placement of ulnar nerve: experimental model in the primate[END_REF].

In a rat sciatic nerve model, Pu et al. report 8 seconds latency in the NGF (Nerve Growth Factor) group and 12.9 seconds in the autologous nerve graft group, but the difference between groups did not reach statistical significance [START_REF] Pu | Effects of nerve growth factor on nerve regeneration through a vein graft across a gap[END_REF]. Mohammed et al.

combined NGF with hyaluronic acid and found a 45% increase in axonal fiber myelination (8 962 myelinated axons) compared to the control group (6 180 myelinated axons) [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF]. Their results were comparable to those achieved with the autologous nerve graft.

Two sciatic nerve rat studies on FGF (Fibroblast Growth Factor) were chosen with a nerve defect of 15 mm [START_REF] Wang | Acceleration effect of basic fibroblast growth factor on the regeneration of peripheral nerve through a 15-mm gap[END_REF][START_REF] Walter | Enhanced peripheral nerve regeneration by acidic fibroblast growth factor[END_REF]. 

Cell-based therapy for nerve regeneration

Two experimental studies on vein composite grafts with smooth muscle cells were included:

a prospective rat study [START_REF] Brunelli | Bridging nerve defects with combined skeletal muscle and vein conduits[END_REF] and a retrospective human study [START_REF] Manoli | Evaluation of sensory recovery after reconstruction of digital nerves of the hand using muscle-in-vein conduits in comparison to nerve suture or nerve autografting[END_REF]. Brunelli et al. described how the architecture of their conduit helps fight venous collapse and the intraluminal chemotropic response [START_REF] Brunelli | Bridging nerve defects with combined skeletal muscle and vein conduits[END_REF]. Manoli et al. showed good clinical outcomes with digital nerve reconstruction in 46 patients with 82.4% (S2PD) sensory recovery, although two-point discrimination (S2PD) was not significantly different, compared to direct suturing or autologous nerve grafting (p < 0.006) [START_REF] Manoli | Evaluation of sensory recovery after reconstruction of digital nerves of the hand using muscle-in-vein conduits in comparison to nerve suture or nerve autografting[END_REF].

Eight studies on the amniotic membrane (AM) were selected (Table 2): 11 experimental animal studies [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Duan | Bridging rat sciatic nerve defects with the composite nervemuscle autografts wrapped with human amnion matrix membrane[END_REF][START_REF] Ozgenel | Combined application of human amniotic membrane wrapping and hyaluronic acid injection in epineurectomized rat sciatic nerve[END_REF][START_REF] Meng | Assessment of processed human amniotic membrane as a protective barrier in rat model of sciatic nerve injury[END_REF][START_REF] Fesli | Enhancement of nerve healing with the combined use of amniotic membrane and granulocyte-colony-stimulating factor[END_REF][START_REF] Fairbairn | Light-activated sealing of nerve graft coaptation sites improves outcome following large gap peripheral nerve injury[END_REF][START_REF] Lei | Axon guidance pathways served as common targets for human speech/language evolution and related disorders[END_REF] and one observational study including five patients [START_REF] Riccio | The amnion muscle combined graft (AMCG) conduits: a new alternative in the repair of wide substance loss of peripheral nerves[END_REF].This active biomaterial synthesizes extracellular matrix components and more than 226 neurotrophic growth factors, such as NGF or Neurotrophin 3 (NT3) [START_REF] Lei | Axon guidance pathways served as common targets for human speech/language evolution and related disorders[END_REF]. Mohammad et al.

have shown that nerve tubes with AM promote 45% more axon myelination (8962 myelinated axons) than those without AM (6180 myelinated axons), for a 25 mm nerve defect in the rabbit [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF].

Duane et al. report good histological outcomes, with denser and more regular neurofilaments than in the control group [START_REF] Duan | Bridging rat sciatic nerve defects with the composite nervemuscle autografts wrapped with human amnion matrix membrane[END_REF]. AM nerve conduits also help inhibit fibrosis and adhesions at the peripheral nerve level through the local delivery of hyaluronic acid or GCSF [START_REF] Ozgenel | Combined application of human amniotic membrane wrapping and hyaluronic acid injection in epineurectomized rat sciatic nerve[END_REF][START_REF] Fesli | Enhancement of nerve healing with the combined use of amniotic membrane and granulocyte-colony-stimulating factor[END_REF].

Meng et al. showed functional recovery 2 weeks earlier with this type of nerve conduit in a rat sciatic nerve model (p < 0.05) [START_REF] Meng | Assessment of processed human amniotic membrane as a protective barrier in rat model of sciatic nerve injury[END_REF]. Riccio et al. report very good clinical outcomes, S4 or S3+ and M4 for sensory and motor recovery for the median nerve in 4 out of 5 patients [START_REF] Riccio | The amnion muscle combined graft (AMCG) conduits: a new alternative in the repair of wide substance loss of peripheral nerves[END_REF].

Six animal model studies [START_REF] Strauch | Autologous Schwann cells drive regeneration through a 6-cm autogenous venous nerve conduit[END_REF][START_REF] Zhang | Autogenous venous graft with one-stage prepared Schwann cells as a conduit for repair of long segmental nerve defects[END_REF][START_REF] Evans | Bioactive poly(L-lactic acid) conduits seeded with Schwann cells for peripheral nerve regeneration[END_REF][START_REF] Raimondo | Schwann cell behavior after nerve repair by means of tissue-engineered muscle-vein combined guides[END_REF][START_REF] Sinis | Nerve regeneration across a 2-cm gap in the rat median nerve using a resorbable nerve conduit filled with Schwann cells[END_REF][START_REF] Fang | GDNF pretreatment overcomes Schwann cell phenotype mismatch to promote motor axon regeneration via sensory graft[END_REF] on Schwann cells were chosen (Table 3). These were shown to enhance myelination, improve extracellular environment regulation and neurotrophic synthesis [START_REF] Zhang | Autogenous venous graft with one-stage prepared Schwann cells as a conduit for repair of long segmental nerve defects[END_REF]. Pre-treatment with GDNF helped promote the regeneration and remyelination of proximal motor axons as well as muscle function recovery [START_REF] Fang | GDNF pretreatment overcomes Schwann cell phenotype mismatch to promote motor axon regeneration via sensory graft[END_REF]. Sinis et al.

found functional and histological outcomes similar to those achieved with autologous nerve grafting in a rat model with a 20 mm median nerve defect, reporting comparable grasping test results and muscle mass for both groups at 9 months postoperative (72% versus 77% with p < 0.05) [START_REF] Sinis | Nerve regeneration across a 2-cm gap in the rat median nerve using a resorbable nerve conduit filled with Schwann cells[END_REF].

Eight observational animal studies [START_REF] Wakao | Long-term observation of auto-cell transplantation in non-human primate reveals safety and efficiency of bone marrow stromal cell-derived Schwann cells in peripheral nerve regeneration[END_REF][START_REF] Ladak | Differentiation of mesenchymal stem cells to support peripheral nerve regeneration in a rat model[END_REF][START_REF] Park | Peripheral nerve regeneration using autologous porcine skin-derived mesenchymal stem cells[END_REF][START_REF] Dai | Sciatic nerve regeneration by cocultured Schwann cells and stem cells on microporous nerve conduits[END_REF][START_REF] Di Summa | Collagen (NeuraGen®) nerve conduits and stem cells for peripheral nerve gap repair[END_REF][START_REF] Boecker | Pre-differentiation of mesenchymal stromal cells in combination with a microstructured nerve guide supports peripheral nerve regeneration in the rat sciatic nerve model[END_REF][START_REF] Xu | A silk fibroin/collagen nerve scaffold seeded with a co-culture of Schwann cells and adipose-derived stem cells for sciatic nerve regeneration[END_REF][START_REF] Schaakxs | Poly-3hydroxybutyrate strips seeded with regenerative cells are effective promoters of peripheral nerve repair[END_REF] on somatic stem cells were included, with six in rat models (Table 4). Neural stem cells (NSC) are the most commonly studied when it comes to improving nerve regeneration [START_REF] Wakao | Long-term observation of auto-cell transplantation in non-human primate reveals safety and efficiency of bone marrow stromal cell-derived Schwann cells in peripheral nerve regeneration[END_REF]. They are bioactive through their production of cytokines and NGF, BDNF, GDNF [START_REF] Schaakxs | Poly-3hydroxybutyrate strips seeded with regenerative cells are effective promoters of peripheral nerve repair[END_REF]. Park et al. [START_REF] Park | Peripheral nerve regeneration using autologous porcine skin-derived mesenchymal stem cells[END_REF] report good histological results in pigs and Boecker et al. [START_REF] Boecker | Pre-differentiation of mesenchymal stromal cells in combination with a microstructured nerve guide supports peripheral nerve regeneration in the rat sciatic nerve model[END_REF] found better axon myelination and regeneration for a 20 mm sciatic nerve defect in rats, compared to the autologous nerve graft.

Proteins or peptides derived from the extracellular matrix

Three experimental studies [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF][START_REF] Mosahebi | Addition of fibronectin to alginate matrix improves peripheral nerve regeneration in tissue-engineered conduits[END_REF] and three observational studies in rat models [START_REF] Madison | Increased rate of peripheral nerve regeneration using bioresorbable nerve guides and a laminin-containing gel[END_REF][START_REF] Madison | Peripheral nerve regeneration with entubulation repair: comparison of biodegradable nerve guides versus polyethylene tubes and the effects of a laminin-containing gel[END_REF][START_REF] Manthorpe | Laminin promotes neuritic regeneration from cultured peripheral and central neurons[END_REF] were included. The extracellular matrix has protective and organisational properties for tissues [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF][START_REF] Mosahebi | Addition of fibronectin to alginate matrix improves peripheral nerve regeneration in tissue-engineered conduits[END_REF][START_REF] Madison | Peripheral nerve regeneration with entubulation repair: comparison of biodegradable nerve guides versus polyethylene tubes and the effects of a laminin-containing gel[END_REF], promoting the migration of Schwann cells and axons, Schwann cell proliferation and axon myelination, as well as adhesion and nerve regeneration [START_REF] Manthorpe | Laminin promotes neuritic regeneration from cultured peripheral and central neurons[END_REF]. Some authors [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF][START_REF] Mosahebi | Addition of fibronectin to alginate matrix improves peripheral nerve regeneration in tissue-engineered conduits[END_REF][START_REF] Madison | Peripheral nerve regeneration with entubulation repair: comparison of biodegradable nerve guides versus polyethylene tubes and the effects of a laminin-containing gel[END_REF] report improved nerve regeneration and Schwann cell viability when extracellular matrix components such as collagen (I and IV), fibrin, laminin, fibronectin, and hyaluronic acid are seeded in functionalized nerve conduits. Madison et al. had good clinical results with a murine sciatic nerve model with 20-25 cm defects [START_REF] Madison | Increased rate of peripheral nerve regeneration using bioresorbable nerve guides and a laminin-containing gel[END_REF]. Alginate gel and fibronectin seemed to improve Schwann cell viability for 1 cm sciatic nerve defects in rats [START_REF] Mosahebi | Addition of fibronectin to alginate matrix improves peripheral nerve regeneration in tissue-engineered conduits[END_REF]. The local delivery and incorporation of NGF and hyaluronic acid in an AM tube nerve conduit improved histological outcomes, with 45% myelinated axons compared to the control group [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF].

Tissue engineering

The five observational studies included [START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF][START_REF] Kim | The role of aligned polymer fiber-based constructs in the bridging of long peripheral nerve gaps[END_REF][START_REF] Valmikinathan | Novel nanofibrous spiral scaffolds for neural tissue engineering[END_REF][START_REF] Chang | Tissue-engineered spiral nerve guidance conduit for peripheral nerve regeneration[END_REF][START_REF] Koh | In vivo study of novel nanofibrous intra-luminal guidance channels to promote nerve regeneration[END_REF] suggest that the conduits' internal architecture minimizes the infiltration of fibrous scar tissue and increases the surface area for cell fixation and local release of growth factors. Electrospun collagen fibers aligned longitudinally [START_REF] Kim | The role of aligned polymer fiber-based constructs in the bridging of long peripheral nerve gaps[END_REF] promote sensory and motor nerve regeneration. Some authors found that a spiral-structured 3D scaffold and a spiral-structured nanofibrous 3D scaffold improve cell proliferation as soon as the 4 th day [START_REF] Valmikinathan | Novel nanofibrous spiral scaffolds for neural tissue engineering[END_REF]. Chang et al. describe a 50% increase in myelinated fibers in rat sciatic nerve with a spiral-structured nanofibrous 3D scaffold. This type of structure increases the contact surface area 4.5-fold compared to a tubular structure [START_REF] Chang | Tissue-engineered spiral nerve guidance conduit for peripheral nerve regeneration[END_REF].

Other authors have functionalized electrospun nanofibers with neurotrophic growth factors and laminin-NGF and GDNF proteins derived from the extracellular matrix [START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF][START_REF] Koh | In vivo study of novel nanofibrous intra-luminal guidance channels to promote nerve regeneration[END_REF]. Chew et al. report a 44% improvement in electrophysiological recovery as opposed to no recovery with empty nerve tubes [START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF].

3.6. Bioimplants (Table 5)

Regarding chitosan, nine rat or dog sciatic nerve experimental models [START_REF] Wang | Dog sciatic nerve regeneration across a 30mm defect bridged by a chitosan/PGA artificial nerve graft[END_REF][START_REF] Hsu | Fabrication and evaluation of microgrooved polymers as peripheral nerve conduits[END_REF][START_REF] Zhao | Effects of carbon nanotubes in a chitosan/collagen-based composite on mouse fibroblast cell proliferation[END_REF][START_REF] Gonzalez-Perez | Tubulization with chitosan guides for the repair of long gap peripheral nerve injury in the rat[END_REF][START_REF] Shapira | Comparison of results between chitosan hollow tube and autologous nerve graft in reconstruction of peripheral nerve defect: An experimental study[END_REF][START_REF] Peng | Beagle sciatic nerve regeneration across a 30 mm defect bridged by chitosan/PGA artificial nerve grafts[END_REF][START_REF] Cheong | Multi-dimensional bioinspired tactics using an engineered mussel protein glue-based nanofiber conduit for accelerated functional nerve regeneration[END_REF][START_REF] Sun | Polypyrrole-coated poly(l-lactic acidco-ε-caprolactone)/silk fibroin nanofibrous nerve guidance conduit induced nerve regeneration in rat[END_REF] and one prospective randomized study in humans were included [START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF]. The advantages of this biodegradable linear biopolymer are its biocompatibility, low toxicity, biodegradability and chemotactic activity through NGF and BDNF release [START_REF] Hsu | Fabrication and evaluation of microgrooved polymers as peripheral nerve conduits[END_REF]. Zhao (p = 0.02) [START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF].

The experimental study by Cheong et al. on an engineered mussel protein glue-based nanofiber conduit was also included. The aligned, functionalized nanofibers in which these glue proteins were fused with extracellular matrix proteins showed strong adhesion thanks to the interaction between integrins [START_REF] Cheong | Multi-dimensional bioinspired tactics using an engineered mussel protein glue-based nanofiber conduit for accelerated functional nerve regeneration[END_REF]. The results were comparable to those for autologous nerve grafting in rat models for sciatic nerve injury [START_REF] Cheong | Multi-dimensional bioinspired tactics using an engineered mussel protein glue-based nanofiber conduit for accelerated functional nerve regeneration[END_REF]. The study by Sun et al. on silk fibroin nanofibrous nerve guidance conduits was selected for its bioactivity through the expression of NGF and CTNF, its structure -similar to the epineural tube -and its resistance to traction [START_REF] Sun | Polypyrrole-coated poly(l-lactic acidco-ε-caprolactone)/silk fibroin nanofibrous nerve guidance conduit induced nerve regeneration in rat[END_REF]. The histological and electrophysiological results on the rat sciatic nerve were similar to those with autologous nerve grafting, without a significant histological difference at 4 and 12 weeks postoperative (p < 0.05) in Schwann cell concentrations per 100 µm 2 [START_REF] Sun | Polypyrrole-coated poly(l-lactic acidco-ε-caprolactone)/silk fibroin nanofibrous nerve guidance conduit induced nerve regeneration in rat[END_REF].

Discussion

There have been several studies on nerve conduits over the past 30 years; during the decade between 2000 and 2010 there were as many publications on peripheral nerve regeneration (181 studies) as during the half century between 1950 and 2000 (174 studies).

Conversely, the overall number of medical publications for the decade between 2000 and 2010 was two times lower (7 000 000) than the period between 1950 and 2000 (13 000 000) [START_REF] Abbou | Techniques of peripheral nerves repair: evolution of the literature from 1950 to 2010[END_REF].

Nerve conduits functionalized with growth factors yield comparable results to autologous nerve grafting [START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF][START_REF] Terris | Brain-derived neurotrophic factor-enriched collagen tubule as a substitute for autologous nerve grafts[END_REF][START_REF] Hart | Exogenous leukaemia inhibitory factor enhances nerve regeneration after late secondary repair using a bioartificial nerve conduit[END_REF], without the sequelae associated with graft harvesting. Studies suggest that local NGF delivery promotes [START_REF] He | Enhancement of motor nerve regeneration by nerve growth factor[END_REF][START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF][START_REF] Yu | Tissue-engineered scaffolds are effective alternatives to autografts for bridging peripheral nerve gaps[END_REF] axon regeneration and myelination [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF],

while increasing conduction velocity and decreasing latency [START_REF] Pu | Effects of nerve growth factor on nerve regeneration through a vein graft across a gap[END_REF]. Combining several growth factors, or using them in association with extracellular matrix proteins, appears to improve myelination, the diameter and number of axons, or motor conduction velocity [START_REF] Mohammad | Increased axonal regeneration through a biodegradable amnionic tube nerve conduit: effect of local delivery and incorporation of nerve growth factor/hyaluronic acid media[END_REF][START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF][START_REF] Aszmann | Simultaneous GDNF and BDNF application leads to increased motoneuron survival and improved functional outcome in an experimental model for obstetric brachial plexus lesions[END_REF].

Cell therapy gives good clinical results for sensory and motor recovery. Muscle-in-vein conduits have many benefits; they are easy to harvest and can bridge a nerve gap of up to 6 cm, thus avoiding the need for an autologous nerve graft [START_REF] Manoli | Evaluation of sensory recovery after reconstruction of digital nerves of the hand using muscle-in-vein conduits in comparison to nerve suture or nerve autografting[END_REF]. Some authors recommend using human amniotic membrane for its pro-regenerative and antifibrotic activity [START_REF] Riccio | The amnion muscle combined graft (AMCG) conduits: a new alternative in the repair of wide substance loss of peripheral nerves[END_REF][START_REF] Bourgeois | Can the amniotic membrane be used to treat peripheral nerve defects? A review of literature[END_REF], and to prevent peripheral nerve adhesion [START_REF] Ozgenel | Combined application of human amniotic membrane wrapping and hyaluronic acid injection in epineurectomized rat sciatic nerve[END_REF][START_REF] Fesli | Enhancement of nerve healing with the combined use of amniotic membrane and granulocyte-colony-stimulating factor[END_REF]. The use of human Schwann cells has administrative drawbacks, in terms of regulation and preparation, and requires sacrificing a healthy donor nerve with its associated impact [START_REF] Guest | The ability of human Schwann cell grafts to promote regeneration in the transected nude rat spinal cord[END_REF].Their culture requires several weeks before a small number of cells are ready to be extracted. Stem cell research is still unreliable during cell regeneration, while trans-differentiation protocols cannot be assessed. The vast majority of studies are in vitro and were excluded from our review, or on animal models and did not show any significant difference with the control group.

Nanomaterials could help solve some of these ethical, social and regulatory restrictions through the use of futuristic substances such as electro-hydrodynamic 3D printed conduits or 4D hydrogels [START_REF] Vijayavenkataraman | Electrohydrodynamic jet 3D printed nerve guide conduits (NGCs) for peripheral nerve injury repair[END_REF]. Meanwhile, some authors [START_REF] Koh | In vivo study of novel nanofibrous intra-luminal guidance channels to promote nerve regeneration[END_REF][START_REF] Steed | Advances in bioengineered conduits for peripheral nerve regeneration[END_REF] look to the progress made by combining tissue engineering and extracellular matrix proteins, neurotrophic factors or intraluminal Schwann cell application.

Nerve tubes made from biomaterials (chitosan, silk fibroin, mussel protein) seem to yield better results in humans through a combination of scaffolding structure, neurotrophic factor release and adhesion to extracellular matrix proteins [START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF]. Their interconnexions with porous structures promote nerve cell adhesion, differentiation and growth [START_REF] Cheng | Studies on nerve cell affinity of biodegradable modified chitosan films[END_REF][START_REF] Su | Effect of chitosan conduit under a dynamic culture on the proliferation and neural differentiation of human exfoliated deciduous teeth stem cells[END_REF]. Neubrech et al. demonstrated significantly superior histological and sensory clinical outcomes with functionalized nerve tubes compared to direct suture repair without nerve defect [START_REF] Neubrech | Enhancing the outcome of traumatic sensory nerve lesions of the hand by additional use of a chitosan nerve tube in primary nerve repair: A randomized controlled bicentric trial[END_REF]. None of the studies published were able to attest to the superiority of these nerve regeneration conduits compared to autologous nerve grafting.

Comparison with other literature reviews

Three studies, including two systematic reviews and one experimental rat sciatic nerve model, described the properties required of a nerve conduit: permeability [START_REF] Steed | Advances in bioengineered conduits for peripheral nerve regeneration[END_REF], possibility of transparietal metabolic exchanges and the diffusion of neurotrophic growth factors, flexibility [START_REF] De Ruiter | Designing ideal conduits for peripheral nerve repair[END_REF] to prevent postoperative extrusion at flexion crease level [START_REF] Duncan | Extrusion of a neurotube: A case report[END_REF], gradual degradation into biocompatible products, and low swelling potential [START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF] to prevent lumen obstruction or compression of the regenerated axons secondary to osmotic conduit pressure. The ideal conduit must be easy to manipulate, suture and sterilize, while maintaining its physical properties. A combination of chemotactic and structural characteristics is fundamental to nerve regeneration [START_REF] Chew | Aligned protein-polymer composite fibers enhance nerve regeneration: A potential tissue-engineering platform[END_REF]. Some authors [START_REF] Gaudin | Approaches to peripheral nerve repair: Generations of biomaterial conduits yielding to replacing autologous nerve grafts in craniomaxillofacial surgery[END_REF][START_REF] Zhang | Recent advances in nerve tissue engineering[END_REF] showed that a NGF concentration gradient helps guide axon regrowth [START_REF] Steed | Advances in bioengineered conduits for peripheral nerve regeneration[END_REF]. Some studies have demonstrated better peripheral nerve regeneration depending on concentration gradients of NGF and laminin [START_REF] Dodla | Differences between the effect of anisotropic and isotropic laminin and nerve growth factor presenting scaffolds on nerve regeneration across long peripheral nerve gaps[END_REF].

According to the systematic review by Braga Silva et al. [START_REF] Silva | Nerve conduits for treating peripheral nerve injuries: A systematic literature review[END_REF], few human studies focus on functionalized nerve tubes. Furthermore, important covariates can impact the functional recovery prognosis of these patients, such as age, sex, smoking status, occupation, medical history, treatment, dominant side, associated injuries, surgeon experience, which are not clearly addressed or mentioned in these studies.

Although our classification of functionalized nerve conduits is similar to other literature reviews, the latter used the size of the cohort, or animal models as exclusion criteria [START_REF] De Ruiter | Designing ideal conduits for peripheral nerve repair[END_REF][START_REF] Silva | Nerve conduits for treating peripheral nerve injuries: A systematic literature review[END_REF].

We took care to note which theories focused on nerve conduits functionalized through cell therapy or bioengineered scaffolds, which seem to be the starting point for the latest research avenues. This allowed us to evaluate more recent studies on biological conduits and tissue engineering. Our literature review suggests that important progress can be made in peripheral nerve regeneration by combining the biomimetic characteristics of biological conduits and nanomaterials with the local delivery of extracellular matrix proteins, neurotrophic factors and Schwann cells. We believe functionalized nerve conduits will be an alternative to autologous nerve grafting in the future, avoiding the comorbidities associated with the donor site.

Limitations

We only queried two databases (Medline and PubMed central). Most studies were small clinical trials or case series using heterogeneous selection criteria: histological (percentage of myelinated fibers, thickness of the myelin sheath, axon diameter), electrophysiological (nerve conduction velocity or latency), functional (Sm2PD, Semmes Weinstein test or Sciatic functional index), or morphological (muscle mass). Most studies were animal models on nerves of various sizes: sciatic nerve of rat, mouse, primate, pig, dog, chick, and peroneal nerve in rabbits. Kaplan found the rat to be a poor animal model to evaluate the functional results of peripheral nerve regeneration given that its neurobiological profile is specific to the species [START_REF] Kaplan | The overwhelming use of rat models in nerve regeneration research may compromise designs of nerve guidance conduits for humans[END_REF].

Potential future research avenues

Clinical trials on humans, with or without peripheral nerve defect, could be done to compare functionalized nerve conduits combining neurotrophic growth factors, extracellular matrix proteins, cell therapy, bioengineering, biological conduits and autologous nerve grafting in a patient cohort with important covariables (described above) using histological, electrophysiological and functional outcomes (Quick-DASH, SF36, TAM, Dellon's M2PD, Weber's S2PD, Semmes-Weinstein monofilament test, Jamar grip strength, time away from work).

The immunosuppressant FK506 is one of the up and coming peripheral nerve regeneration molecules because of its neurotrophic and neuroprotective [START_REF] Konofaos | FK506 and nerve regeneration: past, present, and future[END_REF] properties. It also has immunosuppressive characteristics to help prevent allograft rejection during axonal lengthening [START_REF] Shahraki | Influence of Tacrolimus (FK506) on nerve regeneration using allografts: A rat sciatic nerve model[END_REF], axon demyelination, and nerve degeneration [START_REF] Utuk | The immunosuppressive agent FK506 prevents subperineurial degeneration and demyelination on ultrastructural and functional analysis[END_REF]. However, there are major side effects such as nephrotoxicity, neurotoxicity for the central nervous system and hyperglycemia. Developing molecules that prevent graft rejection and increase the speed of nerve regeneration, without the side effects and a more controlled mechanism of action than FK506 could be of interest.
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Figure legends

Fig. 1. Flowchart of our literature review on functionalized nerve conduits for peripheral nerve regeneration in upper limb surgery.

Tables Table 1. Nerve conduits functionalized with intraluminal neurotrophic growth factors 

  et al. found statistically significant (p < 0.05) improvements in histological and functional outcomes 3 months after implanting electrospun PLGA-chitosan nanotubes seeded with Schwann cells to repair 10

mm sciatic nerve defects in rats

[START_REF] Zhao | Effects of carbon nanotubes in a chitosan/collagen-based composite on mouse fibroblast cell proliferation[END_REF]

. Neubrech et al. showed statistically significant improvements in functional outcomes in a human double blind randomized controlled clinical trial with a chitosan nerve conduit versus direct nerve repair without a defect. At 6 months postoperative, S2PD was 8 mm for the control group and 6.3 mm for the Chitosan group
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 5 Nerve conduits functionalized with biological materialsFig. 1. Flowchart of our literature review on functionalized nerve conduits for peripheral nerve regeneration in upper limb surgery. Brain Derived Neurotrophic Factor; CNTF: Ciliary Neurotrophic Factor; βFGF: Beta Fibroblast Growth Factor; GDNF: Glial Cell-Derived Neurotrophic Factor; GGF: Glial Growth Factor; HA: hyaluronic acid; LIF: Leukemia Inhibitory Factor; LN-1: Laminine-1; AM: amniotic membrane; NGF: Neurotrophic Growth Factor; NT-3: Neurotrophine-3; PCLEEP: Poly (e-caprolactone-co-ethylethylene phosphate); PDLLA: Poly (dl-lactic acid); PHB: Polyhydrobutyrate
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 1 Nerve conduits functionalized with intraluminal neurotrophic growth factors Granolycyte Colony Stimulating Factor; HA: hyaluronic acid; AM: amniotic membrane; NGF: Nerve Growth factor; SFI: Sciatic functional Index; vs.: versus

	Studies	Model	Nerve	Nerve conduits	Growth	Outcomes
			defects		Factors	
			(cm)			
	Pu et al. [11]	Rat sciatic nerve	1.0	Vein	NGF	Improves nerve conduction velocity, reduces latency (8.0 ± 5.4 sec in NGF
						group versus 12.9 ± 6.5 sec in autologous nerve grafting group), results
						comparable to autologous nerve graft
	He et al. [12]	Rat sciatic nerve	0.5	Silicone	NGF	Improves nerve conduction velocity
	Mohammad et al. [13] Rabbit peroneal nerve	2.5	Human AM	NGF/HA	45% increase in myelinated axons vs. control group
	Dodla et al [14]	Rat sciatic nerve	2.0	Tubular polysulfone	LN-1/ NGF	Nerve regeneration promoted through LN-1 and NGF gradients
	Wang et al. [15]	Rat sciatic nerve	1.5	PDLLA	βFGF	βFGF integrated to PDLLA matrix, remains bioactive due to prolonged
						continuous release
	Aszmann et al. [16]	Rat sciatic nerve	1.5	Synthetic	GDNF / NGF	Improves motor and sensory regeneration compared to the group with NGF
						administered at 7 months
	Chew et al. [17]	Rat sciatic nerve	1.5	Copolymer PCLEEP	aligned GDNF	Improves nerve regeneration and functional results 3 months post
					electrospun	implantation compared to group without GDNF
					fibers	
	Sterne et al. [18]	Rat sciatic nerve	1.0	Fibronectin	NT-3	NT-3 significantly improves nerve regeneration on D15 compared to control
						group. At M8, NT-3 significantly increases the number of myelinated axons
	Hobson et al. [19]	Rat sciatic nerve	1.0	Silicone	VEGF	Improves axon regeneration and Schwann cell migration
	Terris et al. [20]	Rabbit peroneal nerve	1.5	Collagen	BDNF	Results similar in the BDNF group vs. control group with autologous nerve
						graft
	McKay Hart et al. [21] Rat sciatic nerve	1.0	PHB	LIF	Improves axon regrowth, results comparable to autologous nerve graft
	Zhang et al. [22]	Rat sciatic nerve	1.0	Silicone	CNTF	Improves myelination, number and diameter of axons, motor nerve
						conduction velocity
	Mohanna et al. [23]	Rabbit peroneal nerve	4.0	PHB	GGF	Increases number of Schwann cells, nerve fascicles and muscle mass
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	Studies	Models	Nerve defects	Conduits	Schwann cells	Outcomes
			(cm)			
	Strauch et al. [33]	Rabbit peritoneal	6.0	AVNC	SC autologous	Nerve regeneration over 6 cm
		nerve				
	Zhang et al. [34]	Rat sciatic nerve	1.0	Vein	SC	Increases number of axons; improves nerve fiber orientation
	Evans et al. [35]	Rat sciatic nerve	1.2	PLLA	SC allogenic	Same functional outcomes (SFI) and same outcomes on
						gastrocnemius muscle mass; worse results for nerve fiber density
	Raimondo et al. [36] Rabbit tibial nerve 4.0	AVNC	SC	Promotes regeneration of nerve fascicles compared to vein alone,
						worse results than for autologous nerve grafting
	Sinis et al. [37]	Rat median nerve	2.0	TMC-CL	SC autologous	Promotes nerve regeneration and increases the number of
						regenerated fibers vs. isologous or syngeneic SC, worse results
						than autologous nerve grafting
	Fang et al. [38]	Rat femoral nerve 0.5	GDNF	SC	Exogenous pretreatment with GDNF favored the regeneration
						and remyelination of proximal motor axons and muscle function
						recovery

AVNC: Autogenous Venous Nerve Conduits; GDNF: Glial Cell-Derived Neurotrophic Factor; PLLA: Poly L-lactic acid; SC: Schwann cells; SFI: Sciatic Functional Index; TMC-CL:

trimethylenecarbonate-co-epsilon-caprolactone
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 3 Nerve conduits functionalized with local Schwann cell application

Studies

Models

Conduits Somatic stem cells Outcomes Wakao et al. [START_REF] Wakao | Long-term observation of auto-cell transplantation in non-human primate reveals safety and efficiency of bone marrow stromal cell-derived Schwann cells in peripheral nerve regeneration[END_REF] Primate median nerve Caprolactone, PLLA + Collagen BMSCs Accelerates axon regeneration and functional recovery Ladak et al. [START_REF] Ladak | Differentiation of mesenchymal stem cells to support peripheral nerve regeneration in a rat model[END_REF] Rat