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I 

Abstract 

A novel approach of making a biomimetic nerve conduit was established by seeding 

adipose-derived adult stem cells (ADSCs) on the external wall of porous poly(D, L-lactic acid) 

(PLA) nerve conduits.  

The PLA conduits were fabricated using gas foaming salt and solvent-nonsolvent phase 

conversion. We examined the effect of two different porous structures (GS and GL) on ADSC 

growth and proliferation. The GS conduits had better structural stability,permeability, and 

porosity, as well as better cell viability at 4, 7, and 10 days. The epineurial-like tissue was 

grown from ADSC-seeded conduits cultured for 7 days in vitro and then implanted into 10 

mm rat sciatic nerve defects for evaluation. The regeneration capacity and functional recovery 

were evaluated by histological staining, electrophysiology, walking track, and functional gait 

analysis after 6 weeks of implantation. Experimental data indicated that the autograft and 

ADSC-seeded GS conduits had better functional recovery than the blank conduits and 

ADSC-seeded GL conduits. The area of regenerated nerve and number of myelinated axons 

quantified based on the histology also indicated that the autograft and AGS groups performed 

better than the other two groups. We suggested that ADSCs may interact with endogenous 

Schwann cells and release neurotrophic factors to promote peripheral nerve regeneration. The 

design of the conduit may be critical for producing a biohybrid nerve conduit and to provide 

an epineurial-like support. 

Keywords: adipose-derived adult stem cells (ADSC); poly (D, L-lactic acid) (PLA); 

peripheral nerve regeneration. 



摘要 

本研究建立一個新方法，藉由植覆脂肪幹細胞(ADSCs)於聚乳酸(PLA)導管外壁製作

仿生導管。運用氣泡成形法及相轉移製作多孔性的聚乳酸導管，並測試兩種不同孔洞結

構(GS(< 44 µm)) and GL(44~125 µm))之機械性質、滲透率、含水率及降解特性，分別

於導管上植覆脂肪幹細胞(ADSC)進行細胞活性分析及貼附生長情形之觀察。由測試結

果證實GS基材具有較佳的結構穩定性、滲透性、孔隙率，而細胞活性測試4、7、10天

結果證實，GS導管具較佳的細胞活性。將植覆脂肪幹細胞(ADSCs)於聚乳酸(PLA)導管

外壁培養7天後，植入大鼠周邊神經斷端10 mm及6周的試驗，進行神經再生及神經功

能恢復的評估，運用步態分析、電生理及組織學評估。於神經功能試驗結果表明自

體神經(Autograft)及植覆ADSCs的AGS導管有較佳的恢復，於電生理測試中，Autograft

組及AGS組相較於GS及AGL導管有較佳的振幅及神經傳導速率。組織學分析

中，Autograft組及AGS組形成較緻密的神經再生組織及結締組織，而AGS組的神經的

再生面積、髓鞘化的神經數目均較GS及AGL組為佳。ADSCs可增加血管增生而增加營

養的傳輸，由S-100染色結果可見AGS組再生神經的分佈較GS及AGL組為佳。由此結

果猜測ADSCs與內生性的許旺細胞交互作用並產生神經營養因子而促進周邊神經的再

生，而導管的設計亦為產生神經外膜狀的生物性神經導管的支持關鍵。

關鍵字:脂肪幹細胞(ADSC)、聚乳酸、周邊神經再生 
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Chapter 1 Introduction 

 

1.1 The connective tissue of the peripheral nervous system 

The connective tissue of the peripheral nervous system contains epineurium, 

perineurium, endoneurium, and blood vessels. The nerve is packed by the connective 

tissue to form a bundle. Epineurium is the outer layer of the connective tissue 

surrounding the peripheral nerve, which is composed of the adipose tissue, collagen 

fibrils and fibroblasts [1,2,3]. After peripheral nerve injury, a nerve can be reconstructed 

at the proximal end. Proliferation of Schwann cells (SCs), macrophages, and monocytes 

work to remove myelin debris, release neurotrophic factors, and lead axons toward their 

synaptic targets, resulting in neuronal reconstruction [4]. Collagen III and IV are found 

around the epineurium and perineurium in the regenerated nerve. The production and 

distribution of collagen III and IV have influence on the formation of scar tissue and 

regeneration of damaged peripheral nerve fibers [5]. 

 

1.2 Surgical treatments for peripheral nerve injury 

Surgical treatments for peripheral nerve injury, such as end-to-end and fascicular 

suturing, are often applied for nerve gaps smaller than 5 mm. For a nerve gap greater 

than 5 mm, a graft or a nerve conduit is required for growth orientation [6]. At present, 

nerve autografts, epineurial sheath, arteries, veins, and skeletal muscle tissue have 

served as the grafts for bridging peripheral nerve defects [7,8,9]. Among them, 

autografts have yielded favorable results [9,10]. The epineurial sheath as a conduit was 

reported to have similar in vivo results to that of nerve autografts at 28 weeks with 80% 

successful nerve regeneration [10]. However, grafts for peripheral nerve reconstruction 



 

2 
 

may cause donor-site morbidity and it may be difficult to find a suitable donor site in 

patients with diabetes or other chronic diseases. 

 

1.3 Nerve conduit application for peripheral nerve injury 

Artificial, biodegradable nerve conduits can segregate the ingrowth of fibroblasts. 

Bioactive conduits functionalized with neurotrophic factors or extracellular components 

can promote nerve regeneration. Common biodegradable polymers such as 

poly(glycolic acid) (PGA), poly(D,L-lactic acid) (PLA), poly(D,L-lactide-co-glycolide) 

(PLGA), and poly(ε-caprolactone) (PCL) have been used to fabricate nerve conduits 

with either porous or fibrous structures [5,9,11,12, 13].  

 

1.4 Effect of Adipose-derived stem cells (ADSCs) on nerve regeneration 

Nerve conduits can be further combined with supportive cells like stem cells, such 

as neural stem cells (NSCs), mesenchymal stem cells (MSCs), and adipose-derived stem 

cells (ADSCs) [4,14,15,16,17]. ADSCs are fibroblast-like in shape, express 

mesenchymal stem cell markers (CD73, CD90, CD105, etc.), and have multilineage 

differentiation capacity (cardiomyocytes, adipocytes, chondrocytes, osteocytes, and 

neuron-like cells [17,18,19,20,21]. ADSCs can be differentiated to an SC phenotype or 

be induced to form glia-like cells when cultured with neural induction medium [4]. 

Following transplantation into sciatic nerves of laminin-deficient mutant mice, ADSCs 

expressed laminin and induced the myelination of axons from endogenous SCs 

[1,18,19]. In addition, ADSCs could secrete paracrine factors such as vascular 

endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) to 

stimulate collagen synthesis and migration of fibroblasts [22]. 

Schwann-like cells derived from ADSCs combined with nerve conduits could 
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promote nerve regeneration, an effect similar to that of SCs [23,24,25]. In some studies, 

ADSCs were directly seeded in the nerve conduits with the intent of soliciting their 

paracrine effects. The experimental results from conduits seeded with ADSCs, SCs, or 

Schwann-like cells showed similar efficacy in nerve regeneration [9,26,27,28].  

 

1.5 Seeding method of cells 

In the literature on peripheral nerve regeneration, ADSCs are often introduced into 

the lumen of the conduits by direct injection [23,24,26,29], embedding in gels (gelatin, 

collagen, fibrin) [22,30,31], or dynamic seeding [32,14,33,34,35]. In this study, we used 

a novel approach of making a biomimetic nerve conduit by seeding ADSCs on the 

external wall of porous PLA nerve conduits.  

 

1.6 Specific Aim 

The strategy of this study is showed in Figure 1. The conduits were fabricated by 

phase inversion and gas foaming reaction. We approach a novel method that to making 

a biomimetic nerve conduit was established by seeding adipose-derived adult stem cells 

(ADSCs) on the external wall of porous poly(D,L-lactic acid) (PLA) nerve conduits. 

We predicted that the ADSC-seeded nerve conduit would mimic the function of an 

epineurial sheath and prove beneficial for nerve regeneration. The novel design was first 

optimized in vitro and then implanted into 10 mm rat sciatic nerve defects for 

evaluation. The regeneration capacity and functional recovery will be evaluate by 

histological staining, electrophysiology, walking track, and functional gait analysis after 

6 weeks of implantation. 
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Figure 1. Flowchart of the study. 



 

5 
 

 

Chapter 2 Review of literature 
 

2.1 Anatomy of peripheral nerve 

The basic unit of the peripheral nerve is the axon, which may be myelinated or 

unmyelinated, and carry efferent (motor) or afferent (sensory) electrical impulses [36]. 

A neuron axon may reach 1 m in length. Short segments of the axon are wrapped with 

an insulating myelin sheath formed by Schwann cells, which also serve several 

important roles in the axon-regeneration process. Axons are grouped together into 

fascicles, several of which are enclosed in the epineurium to form a peripheral nerve [5]. 

The largest peripheral nerves have three connective tissue sheaths that support and 

protect the complex. The innermost sheath is the endoneurium. It consists of loose 

vascular connective tissue and extracellular fluid. The axons, Schwann cells, and 

endoneurium are bundled together into fascicles, each of which is encompassed by a 

dense perineurial sheath. The epineurium is the outermost connective tissue sheath. It 

envelops the nerve and has extensions that encompass each of the perineurial-lined 

fascicles, providing mechanical support for the axons when they are subjected to 

stretching forces [5,36]. 

The largest peripheral nerves are approximately 1to 10 mm in diameter (up to 20 

mm for the sciatic nerve), and contain on the order of 10 fascicles. The connective 

tissue of peripheral nervous system contains epineurium, perineurium, endoneurium, 

and rich distributed blood vessels. The nerve is packed by the connective tissue to form 

a bundle [37]. Schematic drawing of peripheral nerve anatomy (in Figure 2.1) [39]. 

Myelination of the peripheral nervous system (PNS) requires the migration of Schwann 

cells during both development and Regeneration. Schwann cells ensheathing peripheral 
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nerve fibers are each surrounded by a basal lamina and a fibrillar reticular lamina; these 

laminae, together with the surrounding collagen fibrils, comprise the endoneurium [39]. 

 

 

 

 

2.2 Electrophysiology of nervous system 

2.2.1 endoneurium 

For the peripheral nerves, Schwann cells ensheathing peripheral nerve fibers are 

each surrounded by a basal lamina and a fibrillary reticular lamina; these laminae, 

together with the surrounding collagen fibrils, comprise the endoneurium [40]. The 

collagen fibres aggregated around the larger myelinated nerve fibres are separable 

into two layers, The two layers visible around the smaller myelinated fibres and 

around Schwann cells containing non-myelinated axons (in Figure 2.2-A) [3]. 

2.2.2 perineurium 

Figure 2.1.The structure of a nerve is organized by the layers of connective 
tissue on the outside, around each fascicle, and surrounding the individual 
nerve fibers [39]. 
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The perineurium exhibits a characteristic lamellar structure of flattened cell 

processes alternating with layers of collagen. From seven to nine cellular layers are 

present in the perineurium (in Figure 2.2-B.) [3], and the overall thickness of the 

perineurium is approximately 5 µm , and in some regions is contributed by extremely 

thick basement membranes which cover the cellular layers. Its acts as a protective 

barrier to infectious or toxic agents; This barrier had obstructed the potential for 

spread of disease along the fascicle [31]. The perineurial layer which forms an 

effective diffusion barrier around the endoneurial space has received considerably 

more attention [2]. The nuclear profile counts approximately 45 % of the profiles 

belonged to Schwann cells, approximately 25 % to fibroblasts and 15 % to capillary 

endothelial cells [3]. 

 

  

Figure 2.2. Electron microscope images shown:  
(A) Endoneurium and  
(B) perineurium of the connective tissue of peripheral nerve [3]. 

(A) (B) 
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2.2.3 epineurium 

The epineurium is the outermost connective tissue surrounding the peripheral 

nerve, which is composed of the adipose tissue, collagen fibrils and fibroblasts. It 

envelops the nerve and has extensions that encompass each of the perineurial-lined 

fascicles, providing mechanical support for the axons when they are subjected to 

stretching forces [41]. In Figure 2.3 [2] is shown the dense collagenous layer forming 

the inner part of the epineurium, is arranged in a regular wavy pattern which 

surrounds the entire fascicle. Another proposed that the collagenous waves which are 

disposed in register around the fascicle are arranged along and in parallel with the 

plane of the sheath. The perineurial layer which forms an effective diffusion barrier 

around the endoneurial space has received considerably more attention [2]. 

 

 

 

 

Figure2.3. Scanning electron micrograph of human sciatic nerve sheath 
showing wavy collagen fibrils with a 35 µm period originating from the 
inner epineurial layer. × 1020. [2] 
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2.3 Extracellular matrix (ECM)  

The extracellular matrix (ECM) that is a complex mixture of structural and 

functional proteins, glycoproteins, and proteoglycans arranged in a unique, tissue 

specific three-dimensional ultrastructure. These proteins provide many functions 

including the structural support and tensile strength, attachment sites for cell surface 

receptors, and as a reservoir for signaling factors that modulate such diverse host 

processes as angiogenesis and vasculogenesis, cell migration, cell proliferation and 

orientation, inflammation, immune responsiveness and wound healing [42]. The 

different spatial organization of these secreted molecules produce a wide variety of 

natural scaffold in which cells continue to proliferate and to organize themselves in 

order to establish the tissue and to completion all their natural functions. To 

understanding the cell differentiation and functions means, and cell–cell and cell–

extracellular matrix (ECM) communication mechanisms [43]. 

 

2.3.1 Compositions of extracellular matrix (ECM) 

The ECM act important during growth, development, and wound repair: its own 

dynamic composition serves as a reservoir for soluble signaling molecules and 

mediates signals from other sources to migrating, proliferating, and differentiating 

cells. The ECM is composed of a great variety of molecules and includes collagen 

family, elastic fibers, glycosoaminoglycans (GAG) and proteoglycans, and adhesive 

glycoproteins [43].  

In the vertebrate body, collagen is the most abundant protein which constitutes a 

heterogeneous class of proteins. Currently about 20 or more different collagens have 

been characterized which exhibit different mechanical and functional properties. 

Some collagens are specific for a given tissue, such as type II collagen, which is 
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found only in cartilage [44] Types I, II, and III are the most abundant collagens of 

human body that form fibrils responsible for the tensile strength of the tissue. Other 

collagens, such as types IV, VII, IX, X, and XII are found associated with collagen 

fibrils or organized in the network as basal laminae. In addition to mechanical and 

structural functions, collagens play an important role in determining cell attachment 

and spreading [45]. In consequence of these properties, collagens influence cell 

differentiation and movement [46]. 

GAG is linear polysaccharides formed by repeating disaccharide units that may 

contain sulfate groups. GAGs consist of Chondroitins, keratins, and dermatans which 

are sulfated and hyaluronan, which is not. Another class, the heparins, is mainly 

associated with cells and basement membranes. In addition to hyaluronic, all GAGs 

can be associated to a protein backbone and to produce the so-called proteoglycans. 

Adhesive glycoproteins are a class of ECM molecules including interactive 

glycoproteins that exsist in several variant forms and possess multiple binding 

domains capable of binding collagen and proteoglycans, as well as binding the cell 

surface [47]. Other ECM molecules consist of Fibronectin, laminin, vitronectin, 

thrombospondin, tenascin, and some glycoproteins [43]. 

The identification of cell binding sites within extracellular molecules is a key 

step toward identifying the mechanisms of cell–ECM interactions. The cell surface 

possesses two kinds of receptors: non integrin and integrin receptors. The 

non-integrin that CD44 is a cell surface glycoprotein which carries N- and O-linked 

sugars and GAG side chains. Alternative splicing and post-transductional 

modification give rise to different tissue specific forms. The binding of CD44 to type 

I and IV collagens and hyaluronan plays a vital role in cell adhesion and movement. 

The integrin receptors that a large group of a glycoprotein family, whose structure 
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consists of the heterodimeric non-covalent association of α and β subunits. The 

family has been classified into two subgroups according to the identity of the β 

subunit to which different α subunits combine to give rise to several specific 

receptors [43]. The expression of proper receptors during in vitro development of 

tissues may indicate that the environmental conditions in which cells are cultivated 

are permissive for cell differentiation. There are at least two main ways by which the 

ECM can affect cell behavior. One of these is the cell–ECM interaction which may 

directly regulate cell functions through receptor-mediated signaling. The other is that 

ECM can control the mobilization of growth or differentiation factors, thus 

modulating cell proliferation and controlling cell phenotype [43]. 

 

2.3.2 The effect of ECMs on tissue engineering nerve conduit 

Tissue engineering approaches typically employs exogenous three-dimensional 

ECMs to engineer new natural tissues from natural cells. All synthetic ECMs used to 

engineer tissues have three primary roles. First, the synthetic ECMs facilitate the 

localization and delivery of cells to specific sites in the body. Second, they define and 

maintain a three-dimensional space for the formation of new tissues with appropriate 

structure. Third, they guide the development of new tissues with their appropriate 

functions [43]. Cell adhesion is crucial for tissue formation and integrity. For tissue 

engineering strategies it is essential to know how cells can interact with ECM and 

transduce the information received by the extracellular molecules into an intracellular 

event [43]. In Milner et al, study, shows that there is a division of labor of Schwann 

cell integrin in the regulation of migration on peripheral nerve ECM components; β1 

integrin mediate migration on laminin-1 and laminin-2 (merosin), while a integrin 

mediate migration on fibronectin. Taken together, these results suggest that multiple 
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interactions between Schwann cell integrin and ECM within the PNS will contribute 

to Schwann cell migration during myelination of the PNS [39]. 

After peripheral nerve injury, a nerve can be reconstructed at the proximal end. 

Proliferation of Schwann cells (SCs), macrophages, and monocytes work to remove 

myelin debris, release neurotrophic factors, and lead axons toward their synaptic 

targets, resulting in neuronal reconstruction (in figure 2.4) [4,48]. This fibrin matrix 

provided a scaffold for the immigration and seeding of cells from both nerve stumps 

during the second week. These cells included Schwann cells, fibroblasts, endothelial 

cells, and perineurial cells. The formation of this fibrin matrix is critical for 

regeneration [49]. Extracellular matrix (ECM) proteins provide guide growth cones 

during regeneration. The incorporation of ECM molecules such as collagen、laminin 

within tubes or other type (in table 2.1) has been shown to improve regeneration. Cell 

adhesion molecules, such as neural cell adhesion molecule (N-CAM), L1, 

myelin-associated glycoprotein (MAG) and neuron-glia cell adhesion molecule 

(NgCAM) affect cell interactions during the development, maintenance, and 

regeneration of the nervous system [49,50]. Used collagen hydrogels functionalized 

with two peptide glycomimetics of naturally occurring carbohydrates—polysialic 

acid (PSA) and human natural killer cell epitope epitope (HNK-1)—that have been 

independently shown to encourage nerve regeneration and axonal targeting[51].  



 

13 
 

  

Figure 2.4. Regenerative sequence occurring within a nerve conduit [48]. 
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Table 2.1. The incorporation of ECM molecules on nerve repair 

molecule type Ref. 

collagen gel, sponge, tube, Nanofibrous, electrospun 
hybrid PCL/collagen, collagen / GAG 
(glycosaminoglycan) fibers matrix 

[50,52,53,54,55] 

 

laminin gel, laminin-fibronectin double coated collagen 
grafts, laminin-coated collagen fibers, 
laminin-coated chitosan conduits, 
laminin-binding ciliary neurotrophic factor on 
collagen fibers scaffolds 

[54,56,57,58] 

 

 

2.4 Tissue engineering nerve conduits application on peripheral nerve repair  

Peripheral nerve injury is a large-scale problem annually affecting more than one 

million people worldwide [48]. In PNS, the proximal segment may be able to regenerate 

and reestablish nerve function. The axonal elongation inside the chamber proceeds at a 

rate is approximately 1 mm/day in rats [59]. This is much slower than the regeneration 

rate observed in a rat autograft which is approximately 3 mm/day [60]. At present, nerve 

autografts, epineurial sheath, arteries, veins, and skeletal muscle tissue have served as 

the grafts for bridging peripheral nerve defects [7,8,9]. Surgical treatments for 

peripheral nerve injury, such as end-to-end and fascicular suturing, are often applied for 

nerve gaps smaller than 5 mm. For patients precluded from direct repair, autograft is the 

current gold standard and has remained so for the last 50 years [48]. These grafts being 

taken primarily from the sural nerve of the treated patient and have demonstrated a 

success rate of only 50 per cent on patients treated. Among them, autografts have 

yielded favorable results [9,10]. The epineurial sheath as a conduit was reported to have 
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similar in vivo results to that of nerve autografts at 28 weeks with 80% successful nerve 

regeneration [10]. However, grafts for peripheral nerve reconstruction may cause 

donor-site morbidity and it may be difficult to find a suitable donor site in patients with 

diabetes or other chronic diseases. In efforts to address the limitations of these nerve 

grafting techniques, the primary alternative is the use of hollow nerve conduit [48]. 

Artificial, biodegradable nerve conduits can segregate the ingrowth of fibroblasts. 

Bioactive conduits functionalized with neurotrophic factors or extracellular components 

can promote nerve regeneration.  

 

2.4.1 Functional nerve conduit  

Clinical studies using NeuraGen tubes for repair of nerve gaps up to 18 mm in 

human hands also showed promising results [61]. These conduits have a number of 

advantages for nerve repair, including limited myofibroblast infiltration, reduced 

neuroma and scar formation, reduction in collateral sprouting and no associated 

donor site morbidity [48]. The desired effect of nerve entubulation: is to increase the 

(i) number; (ii) speed, and (iii) length of the regenerating axons [62]. These criteria 

for the ideal nerve conduit included: (i) limiting scar infiltration, while allowing 

diffusion of nutrients into the conduit and wastes to exit the conduit, the material is 

permeable with a molecular weight limit of approximately 50 kDa; (ii) providing 

sufficient mechanical properties for structural support; (iii) exhibiting a low immune 

response; and (iv) biodegradability [48]. The artificial synthetic nerve conduit is an 

alternative for peripheral nerve defect repair; synthetic polymers are better 

manipulated than natural materials. Synthetic nerve conduits can be divided to 

biodegradable and non-biodegradable ones. Silicone and expanded 

polytetrafluoroethylene (PTFE) are non- biodegradable [13]. Such non-biodegradable 



 

16 
 

grafts often result in chronic tissue response or nerve compression. Common 

biodegradable polymers such as poly(glycolic acid) (PGA), poly(D,L-lactic acid) 

(PLA), poly(D,L-lactide-co-glycolide) (PLGA), and poly(ε-caprolactone) (PCL) and 

their copolymers are widely used in biomedical applications. [5,9,11,12,13]. Due to 

their specific properties, such as tailored degradation time by altering molecular 

weights or compositions which have been FDA-approved (in Table 2.2) [62], because 

of their biocompatibility and safety in vivo [13]. 

 

2.4.2 Fabrication methods for nerve conduit. 

A number of strategies for nerve repair have focused on the addition or 

manipulation of structure in nerve conduit (in Figure 2.5) [48]. There have been a 

number of fabrication methods for biodegradable scaffolds. They are electrospinning 

[63,64], solvent casting/salt leaching [65], phase separation [66,67], emulsion 

freeze-drying [68], gas foaming with pressurized carbon dioxide [69], 3D printing 

[70], may be used alone or in combination [71]. 

Table 2.2. Available FDA approved nerve guide conduit devices [62] 
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Repair strategies include the use of intraluminal guidance structures, 

micro-grooved luminal designs, electrospun fibrous conduits, multi-channel conduits, to 

provide additional structure support and topographical guidance to regenerating axons 

and migrating Schwann cells, as well as designs which optimize nutrient exchange or 

introduce external stimuli. These designs may be used alone or in combination, but also 

require further surface functionalization. These surface modifications can increase cell 

adhesion, migration, alignment and proliferation [48]. 

 

 

 

 

2.4.3 The physical properties of the nerve conduit 

Both these factors influence the physical properties of the nerve tube that are 

important for entubulation repair including permeability, flexibility, swelling, and 

degradation. Permeability of a conduit is an important nerve tube property because 

nutrients and oxygen need to diffuse into the site of regeneration before the tube 

Figure 2.5. Summarized schematic of the structural repair strategies used 
for improving existing nerve conduit [48]. 
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becomes vascularized [72]. In previous studies [66,67], the in vivo evaluation in rats 

suggested that the asymmetric structure could be a potential design to be employed in 

the nerve conduits for peripheral nerve regeneration in the future [66]. This is 

probably owing to the effective permeation of nutrients and prevention of fibrous scar 

tissue invasion as well as the good mechanical strength of the tube to maintain a 

stable support structure for the nerve regeneration [67]. Flexibility is an important 

nerve tube property, especially in the repair of larger nerve gaps, because the ends 

might not be in the same plane/line and the gap that needs to be bridged might cross a 

joint. Therefore, bending studies will have to be performed for the nerve tube, 

because dimensions (including wall thickness, lumen diameter, and presence of 

internal frame works) and porosity may also affect the mechanical properties [67]. 

Swelling and degradation are important nerve tube properties. The rate of degradation 

might contribute to this swelling by the formation of small degradation products that 

increase the osmotic pressure of the conduit. Too rapid degradation may lead to 

swelling, but too slow degradation may later lead to compression and/or a chronic 

foreign body reaction [66,67]. A macroporous structure with uniform pore sizes well 

over 100 µm is highly desirable for efficient cell seeding and culture. Sufficient 

supplies of nutrients and oxygen to seeded cells within the porous scaffolds are 

required for facile tissue formation.  

 

2.4.4 Bioactive nerve conduit  

Insufficient levels of regeneration in a nerve conduit, especially across critical 

nerve gaps, may be attributed to the inadequate formation of ECM components 

during the initial stages of regeneration, i.e. the formation of the fibrin cable [48]. To 

promote axonal regeneration and achieve functional recovery, it is critical to 
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minimize the period of Wallerian degeneration which is controlled by four critical 

factors [73]: (i) The existence of Schwann cells. (ii) The secretion of neurotrophic 

factors (NTFs) after injury and during regeneration. (iii) The existence of a basal 

lamina: a specialized type of extracellular (ECM) matrix that acts as a scaffold for 

neural cells, and (iv) The existence of a distal stump. Only the empty synthetic nerve 

conduits often do not achieve the goal of promoting nerve regeneration across long 

lesion gaps. As a result, many studies have incorporated functionalized bioactive 

additives in the lumen of the conduits. As a result, many studies have incorporated 

functionalized bioactive additives in the lumen of the conduits. As mentioned, 

growth/neurotrophic factors, cells, nucleic acids and ECM molecules such as 

collagen, laminin and fibronectin are often involved [13]. 
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Figure 2.6. Summarized schematic of the functionalized bioactive nerve conduit [48]. 
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2.4.5 The effect of neurotrophic factors on peripheral nerve regeneration 

Neurotrophic factors play important roles in stimulating nerve regeneration 

when used in nerve repair. They can control the survival, migration, proliferation and 

differentiation of various neural cell types [71]. In particular, nerve growth factor 

(NGF), neurotrophin-3 (NT-3), glial cell line-derived neurotrophic factor (GDNF) 

and fibroblast growth factors (acidic FGF and basic FGF) are the most common 

choices [13]. Nerve guidance conduits (NGCs) were fabricated by reeling the aligned 

SF/P(LLA-CL) nanofibrous scaffolds encapsulating NGF and then used as a bridge 

implanted across a 15-mm defect in the sciatic nerve of rats to promote nerve 

regeneration. This study suggesting that the released NGF from nanofibers could 

effectively promote the regeneration of peripheral nerve [74]. The 

PDLLA/Chondroitin sulfate/Chitosan(PDLLA/CS/CHS) nerve conduits were 

prepared by immobilizing NGF onto the PDLLA/CS/CHS nerve conduits with 

carbodiimide. PDLLA/CS/CHS/NGF can effectively promote the regeneration of 

peripheral nerve defect [75]. In the previous study [76], to create a double-walled 

microsphere delivery system for bioactive GDNF with a sustained release profile >50 

days in vitro. Microspheres were incorporated within degradable poly (caprolactone) 

nerve guides in a reproducible distribution. GDNF increased tissue formation within 

the nerve guide lumen and also promoted the migration and proliferation of Schwann 

cells and promotes nerve regeneration beyond that capable with currently available 

nerve guides [76].In the previous study [77], two recombinant mammalian vectors 

containing either rat GDNF gene or BDNF gene were constructed and each was 

transfected into neural stem cells (NSCs). It was concluded that the genetically 

modified NSCs may have potential applications in promoting nerve regeneration and 

functional recovery [77]. 
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These results clearly indicate the possibilities of including neurotrophic factors 

into nerve conduits and its effectiveness in assisting nerve regeneration and partial 

functional recovery in the PNS ( in the Table 2.3). 

Table 2.3. Molecular therapies for the entubulation on nerve regeneration 

Bioactive 
factors 

conduit Gap 
Time 
/week

s 
significant outcome Ref. 

NGF 
SF/P(LLA-CL) 

nanofibers 
15m
m 

12 
NGF-SF/P(LLA-CL) > 

SF/P(LLA-CL) 
nerve regeneration 

[74] 

Chondroitin 
sulfate/NGF 

PDLLA/CS/CH
S 

10m
m 

12 
NGF-PDLLA/CS/CHS 

> PDLLA/CS/CHS 
nerve regeneration 

[75] 

GDNF 
PCL/ 

microsphere 
15m
m 

6 

PCL/ GDNF > PCL 
the migration and 
proliferation of 
Schwann cells. 

[76] 

BDNF/GDN
F genetically 

modified 
NSCs 

PLA 
15m
m 

8 
GDNF-NSCs/BDNF-NSC 

> PLA 

 nerve regeneration  

[77] 

GDNF/NT-3  EVA  8mm 6 
 EVA-GDNF> EVA 
nerve regeneration. 

[78] 

GDNF+ 
NGF  

Collagen+ 
PLGA 

10m
m 

2 

GDNF/ NGF/Collagen 
/PLGA > 

Collagen/PLGA 
nerve regeneration on 

early 

[79] 

FGF1+NSC PLA 
15m
m 

12 
FGF1/NSC/PLA > 
NSC/PLA > PLA  

[35] 
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2.4.6 The effect of mesenchymal stem cells (MSCs) on peripheral nerve regeneration  
Mesenchymal stem cells (MSCs) are multipotent stem cells derived from 

various sources such as bone marrow. They have been shown to transdifferentiate into 

neural cells [15]. Nerve conduits can be combined with supportive cells like stem 

cells, such as neural stem cells (NSCs) [35], induced pluripotent stem cell (iPSc) [80], 

mesenchymal stem cells (MSCs) [24], and adipose-derived stem cells (ADSCs) 

[15,23].The differentiation abilities of the neuronal progenitor cells from fetal rat 

hippocampus in collagen gel have been demonstrated. Transplantation of these cells 

in collagen gel with a silicone tube has been found to promote axonal regeneration 

through a nerve defect in the rat model. For neural stem cells, rats with 15 mm 

critical gap nerve defects bridged by micro-patterned conduits containing the 

bioactive FGF1 and neural stem cells showed outstanding functional recovery and 

histological improvement. The bioactive conduits fabricated in this study may benefit 

the treatment of peripheral nerve injuries (in Table 2.4) [35]. Peripheral nerve 

regeneration using combinated iPSc technology for supportive cells, bioabsorbable 

nerve conduits for scaffolds, and a bFGF drug delivery system for growth factors, 

was essential for peripheral nerve regenerative therapy. ADSCs are fibroblast-like in 

shape, express mesenchymal stem cell markers (CD73, CD90, CD105, etc.), and have 

multilineage differentiation capacity which can be differentiated to an SC phenotype 

or be induced to form glia-like cells when cultured with neural induction medium. 

Schwann-like cells derived from ADSCs combined with nerve conduits could 

promote nerve regeneration, an effect similar to that of SCs [23,24]. In some studies 

(in the Table 2.4), ADSCs were directly seeded in the nerve conduits with the intent 

of soliciting their paracrine effects. The experimental results from conduits seeded 
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with ADSCs, SCs, or Schwann-like cells showed similar efficacy in nerve 

regeneration [26]. 

Table 2.4. The researches of stem cell application for nerve regeneration 

Material/weeks Cell Gap 
Methods 

( introduced 
cells) 

Results Ref. 

PLA/6 NSC 
10 

mm 
Dynamic NSC>PLA [49] 

acellular nerve/13 SCs/dADSCs 
10 

mm 
Collagen gel 

dADSC  
≅ SC 

[25] 

acellular nerve/12 ADSCs 
10 

mm 
injected 

ADSCs > 
conduit 

[26] 

Chitosan/silk 
fibroin/24 

SCs/ADSCs 
10 

mm 
injected 

ADSC  
≅ SC 

[28] 

acellular nerve/12 
SCs/dADSCs 

/dBMSCs 
15 

mm 
injected 

dBMSCs 
≅ dADSCs 

≅ SC  
[24] 

gelatin-tricalcium 
phosphate/8 

ADSCs 
10 

mm 
injected 

ADSCs > 
conduit 

[81] 

Silicon/24 
dADSCs/ 
ADSCs 

10 
mm 

Collagen gel 
dADSCs ≅ 

ADSCs  
[27] 

PLA-FGF1/12 NSC 
15 

mm 
Dynamic  

NSC/FGF1 
> NSC 
>PLA  

[35] 

PLA/8 
SCs/ADSCs 

/DPSCs 
15 

mm 
Dynamic  

Co-culture 
> alone 

[32] 

PLA/4.5 
ADSC+ 
BDNF 

10 
mm 

injected 
ADSC+ 
BDNF > 

PLA 
[82] 

NeuraWrap™ 
conduit/8 

dADSCs 
15 

mm 
GEL 

dADSCs > 
conduit 

[23] 
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2.5 Evaluation methods in peripheral nerve regeneration 

2.5.1 Assessment of functional recovery 

In peripheral nerve regeneration study, adequate evaluation methods are 

extremely important to assess the peripheral nerve regeneration. Most research 

studies have used three most frequently methods for evaluating nerve recovery, i.e. 

Kinematic gait analysis, electro-physiological evaluation, morphological analysis 

[13]. 

Kinematic gait analysis was assessed using a walking track apparatus and a 

numerical camcorder [83]. A dark box was positioned at one end of the chamber in 

order to incite the animals to walk through the walking apparatus. The rats were 

placed in the chamber and several walking cycles were recorded until they arrived in 

the dark box (Figure 2.7-A) [55]. This quantitative method of analyzing hind limbs 

performance by examining footprints, known as the sciatic function index (SFI) and 

the peroneal functional index (PFI), have been widely used to quantify functional 

recovery from sciatic nerve injury in a number of different injury models, The rat's 

hind feet are dipped in a specific type of paint, and the animal is permitted to walk 

down the track, leaving its hind footprints on the paper (Figure 2.7-B) [83]. 

Footprints were recorded each week on paper track, copied in a high-resolution 

scanner, and digitalized images were analyzed. The parameters measured for both 

normal and operated feet were footprint’s length (PL, or longitudinal distance 

between the tip of the longest toe and the heel) and total toes spreading (TS, or 

cross-sectional distance between the first and fifth toes) [55,83]. 

SFI = −38.3 �
𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐸𝐸𝐸𝐸

𝑁𝑁𝐸𝐸𝐸𝐸
� + 109.5 �

𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐸𝐸𝐸𝐸
𝑁𝑁𝐸𝐸𝐸𝐸

� + 13.3 �
𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐸𝐸𝐸𝐸

𝑁𝑁𝐸𝐸𝐸𝐸
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PFI = 174.9 �
𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐸𝐸𝐸𝐸

𝑁𝑁𝐸𝐸𝐸𝐸
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𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐸𝐸𝐸𝐸
𝑁𝑁𝐸𝐸𝐸𝐸

� − 13.4 
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The measured gait parameters were: i) the ankle joint angle, defined as the 

intersection between the lines extended from the knee joint to the ankle joint and the 

line from the ankle joint to the metatarsal head and ii) the knee joint angle defined as 

the intersection between the lines extended from the hip to the knee joint and the line 

from the knee joint to the ankle joint. Based on the position of the toe marker, the gait 

cycles were divided into a stance and a swing phase [55]. For each dependent 

variable (ankle and knee), the maximum and minimum angles and the mean value of 

the maximal amplitude during the swing phase were computed within the three gait 

cycles and kept for further analysis (Figure 2.7-C) [55]. The walking track was 

recorded on all animals weekly before the animals were sacrificed. The rats' hind feet 

were dipped in ink and the rats were allowed to walk across a plastic tunnel so that 

the footprints were recorded on paper positioned on the bottom of the tunnel. The 

following footprint parameters were measured: print length (PL) is the distance to the 

print length, toe spread (TS) is the distance of 1 to 5 toe, and inter-median toe spread 

(IT) is the distance of 2 to 4 toe. Data were collected for both the control group (N, 

normal rat) and the experimental group (E) hind legs (Figure 4-C) [55,83].  
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2.5.2 Electrophysiological study 

Electrophysiology (Electrophysiological study) is a part of physiology; it is a 

biological science that studies the electrical phenomena occurring of living tissue. 

The method that through the electrodes to stimulated the nerve, muscle, skin by the 

Physiological instrument while collecting electrical conduction on the other end , and 

determined the conduction of nerve and muscle contractile function, sensory function 

of the skin. Electromyography (EMG) is using electrophysiological examination of 

Figure 2.7. (A) Rat in a walking track apparatus [83]; (B) footprint 
parameters; (C) the ankle joint angle record [55]. 
 

(B) 

(A) 

(C) 
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the medical consultation, to aid diagnosis of muscle and peripheral nerve diseases. In 

recent years, neural electrophysiological methods have been combined other methods, 

ie. biochemistry, pharmacology, immunocytochemistry, molecular biology, promoted 

advantages of nerve electrophysiology and opened a new areas of nerve scientific 

development [84]. 

Motor Nerve Conduction studies that using surface electrodes to stimulate nerve 

with great power over stimulation pathways along the motor nerve on the table 

simple place. Use stimulating electrodes to stimulate proximal of the nerve injury site 

[84]. The recoding electrode needle and reference electrodes are placed on the 

gastrocnemius muscle of the tibia tubercle spacing 10 mm, respectively (ie Figure 

2.8). The supramaximal stimulating voltage was determined by gradually increasing 

the stimulating current on an uninjured median nerve until there was no increase in 

the CMAP amplitude. This stimulating voltage was then used for all conduction 

studies. To stimulate muscle action potential recording mixing (Compound muscle 

action potential, CMAP). CMAP also known as the M-wave (M wave). M wave is 

usually a two-phase wave, also a three-phase or multiphase wave. The initial wave of 

M is negative phase, from the stimulus to starting point of the negative phase for the 

time, called latent (Latency). Amplitude (Amplitude) measurements can be divided 

into start - Vertex (Onset to peak) and Vertex - vertex (Peak to peak) are two, 

generally used in the p receding paragraph [84]. It is most important parameters of 

interpretation for the motor nerve conduction analysis. Factors related to effect the 

M-wave amplitude following by i) the number of stimulation motor nerve fibers, ii) 

consistency of nerve fiber conduction velocity, iii) the neuromuscular junction 

transfer (Neuromuscular transmission) function, iv) muscle fibers produce action 

potential ability, v) recording electrode position. CMAP latency was recorded from 
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two stimulation electrode distances, the proximal site being proximal to the lesion, 

with a single 1 ms pulse of 20 mA and used to calculate the nerve conduction velocity 

(NCV) by the following formula: NCV = distance2-distance1 from the muscle (in 

mm)/latency2-latency1 (in ms) [85] 

 

 

 

 

 

2.5.3 Gastrocnemius muscle weigh 

The gastrocnemius muscle is supplied by the posterior tibial branch of the sciatic 

nerve (Figure 2.9) [86]. Once the nerve is severed, the muscle will begin to atrophy. 

As the nerve regenerates into the muscle, it will regain its mass proportional to the 

amount of reinnervation. This will provide indirect measurements of nerve 

regeneration. Muscle was placed in preweighed sterile saline containers to prevent 

dehydration. The difference in weight of the containers before and after muscle 

placement determined the muscle weight. Following muscle harvest, the 

gastrocnemius muscle  

Figure 2.8. Electrophysiological study: the compound muscle action potential 
was recorded by a DC electrical stimulator for peripheral nerve  
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midconduit/isograft and the distal nerve were harvested and histomorphologically 

analyzed. The midconduit/isograft was fixed with 3% glutaraldehyde, embedded in 

epoxy resin and stained with toluidine blue [87].  

 

 

 

 

 

 
2.5.4 Nociceptive withdrawal reflex (WRL) 

The nociceptive withdrawal reflex (WRL) was adapted from the hotplate test as 

described by Masters et al., [88]. The rat was wrapped in a surgical towel above its 

waist and then positioned to stand with the affected hind paw on a hotplate at 56 ◦C 

(Figure 2.10) [89]. WRL is defined as the time elapsed from the onset of hotplate 

contact to withdrawal of the hind paw and measured with a stopwatch. Normal rats 

withdraw their paws from the hotplate within ∼4 s or less. The affected limbs were 

tested three times, with an interval of 2 min between consecutive tests to prevent for 

sensitization, and the three latencies were averaged to obtain a final result. The cut off 

time for heat stimulation was set at 12 s, to avoid skin damage to the foot [89,90]. 

A B 

Figure 2.9 Comparison of the rat gastrocnemius muscle atrophy situation 
around the legs, the left leg is surgery [86]. 
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2.5.5 Histological examination 

Histological examination has been the most common method of evaluating 

peripheral nerve regeneration. Histological staining divided into general histology 

staining and immunohistochemically staining [13]. For the assessment of nerve 

regeneration that general histology staining such as hematoxylin & eosin, toluidine 

blue and osmium tetroxide, immunohistochemically staining such as S-100, PMP22, 

N-cadherin, β-actin, NF200, NF160. S-100 can be demonstrated in Schwann cells of 

the peripheral nervous system. PMP22 (also known gas3, SR13 and PASII) is an 

integrated membrane glycoprotein, expressed mainly in myelin, which accounts for 

about 2% to 5% of the total peripheral nerve myelin protein. Nerve conduction occurs 

need cell adhesion molecule N-cadherin-mediated interaction between neurons. 

Figure 2.10. Withdrawal reflex latency (WRL) test using a hot plate at 56℃ [89]. 



 

31 
 

 Quantitative estimation of nerve fiber morphology is a key tool in nerve 

regeneration research. The most important parameters that can be used for the 

assessment of nerve fibers are number of fibers, diameter of fibers, density of fibers, 

the ratio of the axon diameter to the myelinated fiber diameter, and the ratio of the 

total myelinated fiber area to the total nerve tissue area. Although different types of 

fixatives can be used for nerve, 4% paraformaldehyde in phosphate-buffered saline 

(PBS) is mostly used. To obtain good histological quality, perfusion is not required, 

and specimen immersion in the fixative solution is enough to fix the nerve sample. 

Nerves are then embedded by paraffin or cryo-embedding and transversely sectioned. 

Subsequently, tissues are postfixed in an osmium tetroxide buffer waiting for 

dehydration. Tissues are then stained with a toluidine blue or phenylenediamine 

solution for light microscopy or with uranyl acetate and aqueous lead citrate for 

electron microscopy. The digital images are collected and imported into imaging 

software for evaluation [13]. 

 

2.5.6 Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is a method of providing detailed pictures of 

internal organs of human body without X-ray or other irradiation. In particular, MRI 

can visualize the brain, the spinal cord and nerves much more clearly than those by 

computed tomography. MRI has been broadly applied in the diagnosis of neurological, 

musculoskeletal, cardiovascular and oncological diseases. With the benefit from MRI, 

nerve regeneration in experimental animals can be monitored for a long period of 

time. Magnetic resonance imaging (MRI) was employed to monitor the nerve 

regeneration process. The extents of nerve regeneration and conduit degradation were 

quantified by image analysis (Figure 2.11) [13,91]. 
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Figure 2.11 MR image showed the regenerated nerve for 4 months by a 
polylactic acid asymmetric conduit in a rabbit long-gap sciatic nerve 
transection model. The implanted conduit was 20 mm in length [91]. 
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Chapter 3 Materials and Methods 

 

3.1 Fabrication of PLA substrates and conduits 

PLA conduits were fabricated using gas foaming salt and solvent-nonsolvent phase 

conversion. A 10% solution (wt/wt) of PLA with an average molecular weight about 

180 kDa (8300D, Cargill Dow, Minnetonka, MN, USA) was prepared in 1,4-dioxane 

(Sigma-Aldrich, St. Louis, MO, USA). Ammonium bicarbonate (NH4HCO3, 

Choneye Pure Chemicals Ltd. Co., Taipei, Taiwan) was sieved and collected in two 

different particle sizes (<44 µm or 44~125 µm). Each was added to the solution so the 

weight ratio of NH4HCO3 to PLA was 1:2. The polymer/salt solution was stirred for 2 h, 

and then cast into the glass plate and processed differently to form porous substrates on 

the plate. First, the polymer/salt plate was placed in 95% alcohol at 4°C for 2 days 

which served as the nonsolvent for solvent-nonsolvent phase conversion. The substrates 

were then immersed into 10% citric acid solution (Choneye Pure Chemicals) at room 

temperature to induce gas foaming within the polymer/salt matrices. After the 

completion of gas foaming, the substrates were taken out from the plate, washed with 

distilled water several times, and then dried in an oven at 37°C
 
for 24 h. These 

substrates were abbreviated as GS and GL, each indicating the use of smaller salt 

particles (<44 µm) and larger salt particles (44~125 µm). The PLA substrates (GS and 

GL) were sectioned into ~22 mm in length and rolled into conduits using a 

1.5-mm-diameter mandrel with the edges adhered tightly using PLA solution.  

 

3.2 Characterization of the PLA substrates  

The cross-sectional and surface structures of the PLA substrates were examined by 

a scanning electron microscope (SEM) (JEOL, JSM-6360/LV, Tokyo, Japan). The 
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surface contact angle was determined by a contact angle meter (FTA175, First Ten 

Angstroms, St. Portsmouth, VA, USA). The dynamic stretch modulus of these 

substrates was measured using a dynamic mechanical analyzer (TA, DMA2980, New 

Castle, DE, USA) after the samples were rinsed in the phosphate-buffered saline (PBS) 

for 30 min. The analysis was performed at 1 Hz frequency under 37°C. The 

permeability of different substrates was characterized as described in the literature [18]. 

A 1% solution of bovine serum albumin (BSA, molecular weight 62 kDa) was prepared 

in PBS. BSA solution (1.5 ml) was added to a tube, the top of which was sealed with the 

PLA substrate. The sealed tube and 3 ml of PBS were placed in a vial. To measure the 

BSA diffused through the PLA substrate at 3, 22, 48, 72 and 96 h, the solution was 

retrieved from the PBS vial and analyzed using a UV/Vis spectrophotometer at 280 nm 

(Shimadzu, UV-160A Shimadzu Co., Kyoto, Japan). The procedure was repeated on the 

reverse side of the PLA substrate to determine the directional permeability (inflow and 

outflow rates of diffusion).  

 

3.3 Isolation and cell culture of rat ADSCs  

ADSCs were extracted from the subcutaneous fat positioned at the hind leg and 

side abdominal region of six male Sprague–Dawley rats purchased from the National 

Laboratory Animal Center (Taipei, Taiwan).  Cells were enzymatically isolated as 

described in literature [32,92]. The adipose tissues were cut into several pieces and 

treated with 200 U/ml collagenase (type I, Sigma–Aldrich) in Hank`s balanced salt 

solution (HBSS, Gibco, Grand Island, NY, USA) for 30 min at 37°C with gentle 

agitation. Cells were isolated by centrifugation at 500 g for 10 min. The cellular pellet 

was washed by PBS at 500 g for 10 min and re-suspended in PBS. They were then 

filtered through a 40-µm mesh (Falcon®, BD Biosciences, Franklin Lakes, NJ, USA) to 
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remove pieces. Cells were collected again by centrifugation at 500 g for 10 min and 

then plated in tissue culture flasks (Falcon®, BD Biosciences) at approximately 

3500 cells/cm2 with Dulbecco`s modified Eagle medium–low glucose 

(DMEM-LG)/Ham's F12 (1:1) (Gibco/BRL) supplemented with 10% (v/v) fetal bovine 

serum (FBS, Gibco), 100 U/ml penicillin, 100 mg/ml streptomycin (Gibco) at 37°C/5% 

CO2. When cells reached about 80% confluence, they were trypsinized by 0.25% 

trypsin/EDTA (Gibco/BRL) and expanded in a monolayer for two to seven passages to 

select for adherent cells. Cells were subcultured at a 1:2 ratio every 7 days. The surface 

markers for ASCs were identified by flow cytometric analysis 

 

3.4 Seeding rat ADSCs on the external wall of the conduit 

The protocol of seeding rat ADSCs on the external wall of the conduit is shown in 

Figure 3.1. A hole was drilled into the cap of a 1.5 ml eppendorf tube that was sealed 

with a 0.22-µm filter membrane (Millipore, Billerica, MA, USA) to allow for gas 

exchange. The substrates were rolled into conduits with the assistance of a 1.5-mm 

diameter mandrel and the ends of conduits were sealed to prevent entry of ADSCs. 

The eppendorf tube was sterilized in an autoclave. The conduits were sterilized by 

70% ethanol for 30 min and rinsed with PBS. Rat ADSCs (with 1×106 cells in 0.5 ml 

medium) were suspended in an eppendorf tube containing a conduit, which was placed 

on a horizontal shaker (150 rpm) for 2 h in the incubator and followed by static culture 

for 4 h. The seeded conduits were then transferred to a 15 ml conical tube, and 8 ml 

medium was added. Half of the volume of medium was changed every day. The 

metabolic activities of rat ADSCs on the conduit was estimated using a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich) 

assay. After 4, 7, and 10 days of incubation, the seeded conduits were sectioned into a 
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few pieces and placed in a 24-well tissue culture plate. MTT solution (300 µl) was 

added to each well. After 4 h, the insoluble purple formazan crystals were dissolved 

with 600 µl of dimethylsulfoxide (DMSO, Sigma). The optical density (O.D.) was read 

by a microplate reader (Emax, Molecular Devices, Sunnyvale, CA, USA) at 550 nm. 

Cell attachment and proliferation were observed by a SEM at 10 days. 

 

3.5 Gene analysis 

Sterilized PLA substrates were placed in 24 well tissue culture plates (Corning, 

Corning, NY, USA). Rat SCs (RSC96, ATCC: CRL-2765, Manassas, VA, USA) (1×104 

cells/well) were grown on the PLA substrates for one day. The substrates were then take 

out, reversed, and positioned on a silicon O-ring so that the SCs faced down and ADSCs 

(1×104 cells/well) were subsequently seeded on the top side. ADSCs and SCs were 

co-cultured on the two sides of the PLA substrate for 3 days. Cells were analyzed for 

neurotrophic gene expression by RT-PCR as previously described [92]. For RT-PCR, 

total RNA was extracted from cells using Trizol reagent (15596-018, Invitrogen, 

Bangalore, India) after the cells were trypsinized by 0.05% trypsin/EDTA (Gibco). 

Total RNA was used for reverse transcription with a first-strand cDNA synthesis kit 

(Fermentas, Thermo Fisher Scientific, Waltham, MA, USA). The cDNA reaction 

mixture was applied in each PCR reaction. The PCR reaction was performed using 

selective forward and reverse primers for glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH, used as an internal standard), nerve growth factor (NGF), glial cell-derived 

neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF) and collagen 

type I. The sequences of the primers are shown in Table 3.1 
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Figure 3.1. The protocol for seeding ADSCs from the external surface of the 
nerve conduit. This protocol was intended for producing an epineurial-like hybrid 
for transplantation. 
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Table 3.1. Primers used in this study. 

Gene type Sequence (5′ to 3′) 
Annealing 

temperature (°C) 

NGF Forward: CCAAATCCTTGGATTATCTGCTG 

Reverse: AAGCCTCTACTTATCCACCCAGG 
60             

GDNF Forward: TGGGCTATGAAACCA AGGAG 

Reverse: ATACATCCACACCGT TTAGCG 
60 

BDNF Forward: TGGCCTAACAATGTTTGCAGAT 

Reverse: CCACTCAGAAATTCCTCCTGCT 
60 

Collagen type I Forward: CTGGTGTTGCTGGTGCTGT 

Reverse: ATATTGCCAGGGTAACCGC 
60 

GAPDH Forward: GCTGAGTATGTCGTGGACTC 

Reverse: TTGGTGGTGCAGGATGCATT 
60 

 

3.6 Surgery 

For tracking cells, rat ADSCs were labeled by DiI (CellTrackerTM CM-DiI, 

C7000 Invitrogen, Carlsbad, CA, USA) at a concentration of 2.5 µg/ml in medium for 5 

minutes. Before implantation, two experimental groups were seeded with ADSCs from 

the outside of the conduit (abbreviated as AGS and AGL) and were incubated for 7 days. 

The other two groups received reversed autografts and non-seeded GS conduits. 

Twenty-four male Sprague-Dawley rats weighing around 250-300 g (aged about 56-70 

days) were used for the animal test (n = 6 for each group). 

Animals were deeply anesthetized with sodium pentobarbital (TCI, Tokyo, Japan, 

30 mg/kg i.p.) throughout the surgical procedure. Surgery was performed on the left leg 
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of the rat under aseptic conditions. A 10-mm long segment of the sciatic nerve was 

transected and the nerve stumps were anchored in a conduit (12 mm long), using 9–0 

nylon microsutures to join the perineurium of the two stumps were sutured into the 

conduit wall. After nerve surgery, the wound was closed in layers with 4-0 Dexon 

sutures. The animals were housed in temperature (22°C) and humidity (45%) controlled 

rooms with 12 h light cycles. All procedures followed the ethical guidelines of and were 

approved by the Animal Care and Use Committee of the Central Taiwan University of 

Science and Technology (Taichung, Taiwan). 

 

3.7 Functional assessment of nerve regeneration 

The walking track was recorded on all animals weekly before the animals were 

sacrificed at 6 weeks as previously reported [55,93]. The rats' hind feet were dipped in 

ink and the rats were allowed to walk across a plastic tunnel so that the footprints were 

recorded on paper positioned on the bottom of the tunnel. For the calculation of sciatic 

functional index (SFI), the following footprint parameters were measured: print length 

(PL) is the distance to the print length, toe spread (TS) is the distance of 1 to 5 toe, and 

inter-median toe spread (IT) is the distance of 2 to 4 toe. Data were collected for both 

the control group (N, normal rat, n=3) and the experimental group (E, n=3 for each 

group) hind legs (Figure 4.4).  The equation was expressed as SFI = -38.3 (PLF) + 

109.5 (TSF) + 13.3 (ITF) - 8.8, where PLF (print length function) = (EPL - NPL)/NPL; 

TSF (toe spread function) = (ETS - NTS)/NTS; and ITF (inter-median toe spread 

function) = (EIT - NIT)/NIT. The knee motion angle was defined as the difference 

between the maximum knee angle and minimum knee angle with video recorded in 

locomotion swing phase [55]. For normal rats, the maximum knee angle was about 105° 

in average and the minimum knee angle was about 79° in average. 
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3.8 Electrophysiological study 

Rats were anesthetized by sodium pentobarbital (4%, 40 mg/kg; Sigma-Aldrich), 

and the regenerated sciatic nerves were carefully exposed at 6 weeks postimplantation. 

The needle electrode which was connected with a DC electrical stimulator (PowerLab 

ML866, AD Instrument, Castle Hill, Australia) was placed on the proximal end of the 

nerve. The compound muscle action potential (CMAP) was recorded in the 

gastrocnemius muscle with an active monopolar needle electrode 15 mm below the tibia 

tubercle and with a reference needle 20 mm from the active electrode. The stimulation 

voltage was generally from 1 to 2 V, 2 Hz pulse and 0.2 ms duration. The nerve 

conduction velocity (NCV) was obtained from the CMAPs recorded by computer 

software (Scope for Windows, AD Instrument). The NCV across the regenerated nerve 

was calculated by evoking the compound action potential and dividing the distance 

between electrodes by conduction latency. 

 

3.9 Histological examination  

Six weeks after implantation, the rats were euthanatized by CO2 overdose and the 

regenerated nerves within the tubes were harvested. The nerve grafts were fixed in 10% 

neutral buffered formalin, embedded in paraffin wax, and thin-sectioned (4 µm). The 

sections were stained with hematoxylin & eosin (H&E, Muto Pure Chemicals, Tokyo, 

Japan) for histological analysis and S-100 for the presence of SCs. For 

immunohistochemical staining of S-100, the sections were stained with S-100 antibody 

(1:200 dilution, NCL-S100p, Leica Biosystems, Breckland, UK) using an HRP 

conjugated compact polymer system, and visualized via 3,3'-Diaminobenzidine  (DAB, 

Immunotech, Marseille, France) staining. In addition, the nerve grafts were fixed 

immediately in a cold buffered 3% glutaraldehyde solution (Acros Organics, Geel, 



 

41 
 

Belgium). After fixation, these nerve tissues were washed in PBS, postfixed and stained 

with 1% osmium tetroxide (Polysciences, Warrington, PA, USA), dehydrated, and 

embedded in paraffin. The paraffin sections (4 µm) were stained by 

Heidenhain-Woelck's hematoxylin method [94] for myelin. All nerve sections were 

observed under a light microscope (BX51, Olympus, Tokyo, Japan), and photographs 

were taken using a digital camera. The images of the histological sections were digitized 

and subsequently the area of the regenerated nerve was analyzed, and the number of 

myelinated axons and blood vessels, were calculated using an image analysis software 

(Image-Pro Lite).  

To track DiI-labeled cells, specimens were immediately embedded in an optimal 

cutting temperature (OCT) compound before sectioning (10 µm thick) at -30°C. A 

fluorescence microscope (Nikon Eclipse 80i, Nikon, Tokyo, Japan) was used to locate 

the DiI-labeled cells. 

 

3.10 Statistical analysis 

Data from the experiments were expressed as mean ± standard deviation. 

Statistical differences were analyzed by ANOVA (Microsoft Excel, Microsoft, Redmond, 

WA, USA). The Tukey–Kramer post hoc test was used for multiple group comparisons 

to determine the statistical significance of the results. A level of p<0.05 was considered 

statistically significant. 
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Chapter 4 Results  

 

4.1 The microstructure and characteristics of the PLA substrates 

SEM images of the microstructure of two different porous PLA substrates (GS 

and GL) are shown in Figure 4.1. Both substrates showed an asymmetrical porous 

structure. There were macropores (30~40 µm) and micropores (5~10 µm) in each 

substrate. GL had more macropores than GS. The top surface of GL and GS had a 

dense skin layer, but the bottom did not. 

The mechanical properties of PLA substrates are listed in Table 4.1. The storage 

modulus of GL significantly decreased after wetting. On the other hand, the storage 

modulus of GS remained similar after wetting, indicating a more stable structure of 

GS. The permeabilities of GL and GS are summarized in Table 3. GS had better 

permeability than GL during a period of 96 h. GS also had a higher water content and 

degradation rate in 14 and 28 days (in Table 4.). The data suggested that GS may be a 

better candidate for making a biohybrid nerve conduit. 
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Figure 4.1. SEM images showing the microstructure of the PLA substrates 
(GL and GS). The substrates GS and GL represent those fabricated by the use 
of smaller salt particles (<44 µm) and larger salt particles (44~125 µm), 
Cross-section (×150, ×500), top, and bottom (×1000). 
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Table 4.2. Physico-chemical characteristics of PLA substrates. 

Properties GS GL 

Concentration (ppm) 48 h - out 1517±99 1303±291 

48 h - in 2037±164 118±66 

96 h - out 3452±29 2423±309 

96 h - in 3438±608 1528±62 

Water content (%) 3 h 76±30 57±19 

7 days 56±15 67±18 

14 days 62±11 15±2 

Degradation rate (%) 28 days 7±0.06 2±0.05 

 

  

Table 4.1. Mechanical properties of PLA substrates. 

Samples Dry samples  Wet samples 

 Storage modulus (MPa) tan δ  Storage modulus (MPa) tan δ 

GS 28.2 ± 3.87 0.1431  25.6 ± 2.18 0.1402 

GL 34.2 ± 5.08 0.1393  14.7 ± 2.17 0.1294 
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4.2 Cell studies in vitro 

The viability of cells seeded on GS and GL substrates at 4, 7, and 10 days after 

transplantation is shown in Figure 4.2-A. Cells proliferated from 4 to 7 days in both 

groups. From 7 to 10 days, the cell viability decreased, possibly because cells had 

already reached maximal confluence at 7 days. As evident from the cell images at 10 

days (Figure 4.2-B), cells on GS substrates had already stacked together. ADSCs and 

SCs were co-cultured on the two sides of the PLA substrates, to simulate the 

environment inhabited by ADSCs after conduit implantation. The gene expression of 

co-cultured ADSCs and SCs at 3 days is demonstrated in Table 4.3. The gene 

expression of co-culture groups was similar to that of mono-cultured SCs. The results 

seem to indicate that ADSCs seeded on the conduit may produce extracellular matrix 

(ECM) proteins, such as collagen type I, and neurotrophic factors. The former may 

help form epineurial-like tissue, and the latter may be conducive to nerve 

regeneration. For the aforementioned reasons, we selected ADSC-seeded GS and 

ADSC-seeded GL conduits (7 days) as the tissue engineering conduits for further 

evaluation (abbreviated as AGS and AGL respectively). Autografts and non-seeded 

GS conduits were used for comparison.  
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Figure 4.3. (A) MTT analysis for the viability of ADSCs cultured on GS and 
GL conduits after 4, 7, and 10 days. * p<0.05. (B) SEM images for the 
ADSCs cultured on the GS conduits after 4 and 10 days. (4 days: ×500; 10 
days: ×250); Arrows: ADSCs; circle: cells stacked together after 10 days. 
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Table 4.3. Gene expression ratios normalized to GAPDH. 

Gene type 

AGS/SC 

(co-cultured 

ADSC/SC on GS) 

AGL/SC 

(co-cultured 

ADSC/SC on GL) 

GS/SC 

(mono-cultured 

SC on GS) 

NGF 0.368 0.3147 0.362 

GDNF 0.94 0.921 0.88 

BDNF 0.725 0.728 0.725 

Collagen type I 0.46 0.47 0.47 
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4.3 In vivo animal implantation  

4.3.1 Gait analysis 

Results from gait analysis are shown in Figure 4.3. At 2 weeks, the group 

receiving AGS had higher SFI than those receiving AGL and GS. At 4, 5, and 6 

weeks, the group receiving AGS had higher SFI than those receiving GS. The knee 

motion angle revealed significant increases from 2 to 6 weeks only in the autograft 

group and the group receiving AGS. In the groups receiving AGL and GS, the 

increase of the angle from 2 to 6 weeks was less evident. Considering the fact that the 

normal rats had a value ~26°, the animals receiving autogafts and AGS had better 

functional recovery in general.  

 

4.3.2 Electrophysiological study 

The electrophysiological data collected at 6 weeks (before sacrifice) are 

demonstrated in Figure 4.4-A. The results in Figure 4.4-B showed that the autograft 

group had higher amplitudes than the AGS group, followed by the AGL and GS 

groups. Higher amplitudes are indicative of motor nerve conduction gradually 

recovering. The NCV value (Figure 4.4-C) in the autograft and AGS groups was 

greater than that in the AGL and GS groups. These data indicated that the autograft 

and AGS groups had better functional recovery than the other two groups.  
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Figure 4.3. Functional recovery of the experimental animals by the walking track 
analysis (sciatic function index SFI and knee motion angle) during a period of 6 
weeks. * p<0.05. Judging from the trend, the animals receiving autogafts and 
AGS had better functional recovery in general.  
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Figure 4.4. Electrophysiological measurement of the experimental animals 
after the conduit implantation in vivo for 6 weeks:the corresponding (A) 
electrophysiological recordings of compound muscle action potential 
(CMAP), and the (B) amplitude and (C) nerve conduction velocity (NCV) 
obtained from CMAP. * p<0.05. Data indicated that the autograft and the AGS 
group had better functional recovery than the other two groups. 
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4.3.3 Tracking of DiI-labeled ADSCs 

Tracking of DiI-labeled ADSCs in the AGS and AGL groups after 6 weeks in vivo is 

demonstrated in Figure 4.5. It was apparent that ADSCs had already migrated from 

the external surface to the inner porous structure of the conduit and further into the 

lumen of the conduit (~250 µm inward from the inner border of the tube). In 

particular, cells in AGS were more abundant and uniformly distributed near the 

conduit, i.e. forming an epineurial-like tissue. 

  

Figure 4.5. The presence of DiI-labeled ADSCs (red fluorescence) in vitro after 7 
days and in the histological longitudinal sections after 6 weeks of implantation. 
DiI-labeled ADSCs had migrated from the external surface of the conduit to the inner 
porous structure of the conduit and further into the lumen of the conduit (~250 µm 
further from the border of the conduit). A: ADSCs; conduit: the nerve conduit; 
lumen: the lumen of the conduit. 
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4.3.4 Histological examination 

The H&E stained cross-sections of the regenerated nerve are shown in Figure 4.6A. 

The area of regenerated nerve, number of myelinated axons, and number of blood 

vessels quantified based on the histology are demonstrated in Figure 4.6B. The area 

of the regenerated nerve was the largest in autografts followed by AGS, and finally 

AGL and GS. The number of myelinated axons was the greatest in autografts 

followed by AGS, AGL and GS. On the other hand, the number of blood vessels was 

the smallest in the GS group. Larger images for the histology of the regenerated nerve 

are shown in Figure 4.7. The myelinated axons were self-assembled in the autograft 

and AGS groups, forming endoneurial-like tissue. The S-100 staining (for SCs) is 

displayed in Figure 4.8. SCs were distributed close to the central axis of the lumen 

(i.e. regenerated nerve) and a distance away from the conduit. AGS had the darkest 

stain as evident by the longitudinal sections as well as the cross-sections.  

Taken together, the data suggests that seeding ADSCs on the external surface of 

AGS could provide an epineurial-like support that promotes nerve regeneration as 

compared to a conduit (GS) without cells. The conduit structure (GS instead of GL) 

may determine if the ADSCs successfully colonize on the conduit and form an 

epineurial-like structure. This assumption was substantiated by the better efficacy of 

AGS vs. AGL. It was also evident that the design of a nerve conduit was important 

for producing a biohybrid nerve conduit that could provide epineurial-like support. 
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Figure 4.6. Histology of the nerve section at the midconduit after 6 weeks in 
vivo. (A) Images of H&E stained sections where areas inside red circles 
indicate regenerated nerve while areas between blue and red circles indicate 
the connective tissue. (B) Quantitative data for the area of regenerated nerve, 
number of myelinated axons, and number of blood vessels. Scale bar=200 
µm, * p<0.05. N: area of regenerated nerve; V: blood vessel; F: fibrous tissue; 
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Figure 4.7. Histology of the nerve section at the midconduit after 6 weeks in 
vivo, stained with osmium tetroxide and Heidenhain-Woelck's hematoxylin for 
myelins (×100, ×400). N: area of regenerated nerve. Arrows: myelinated 
axons.  
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Figure 4.8. Histology of the nerve section at the midconduit after 6 weeks in 
vivo, stained with S-100 for Schwann cells (SCs). It was noted that S-100 
positive SCs were distributed close to the central axis of the lumen 
(longitudinal sections for AGS, AGL, and GS, ×40) and still a distance (~350 
µm) away from the border of the conduit. The cross-section (×100, ×200) for 
AGS was also demonstrated. C: conduit; arrows: myelinated axons. 
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Chapter 5 Discussion 

 

Previous studies have shown that peripheral nerve repair can be enhanced by SC 

transplantation [11,95,96], but clinical application is limited because of the difficulty in 

obtaining a sufficient number of cells. Mesenchymal stem cells (MSCs) are an attractive 

cell source for nerve regeneration. They are able to self-renew with a high growth rate 

and possess multipotent differentiation properties [15,21,24,29,30]. MSCs, including 

ADSCs, have been used to repair peripheral nerves. In some studies, MSCs were 

differentiated into Schwann-like cells and combined with nerve conduits [24,25,29,30]. 

In the other studies, MSCs were either directly seeded inside nerve conduits 

[26,27,28,67] or co-cultured with SCs  in nerve conduits [32], with the hope that they 

would secrete paracrine factors that would stimulate nerve regeneration. 

It has been shown that Schwann-like cell differentiation of MSCs could be induced 

by using chemicals combined with a mixture of glial growth factors [23,24.25,29]. 

Differentiated bone marrow-derived mesenchymal stem cells (BMSCs) or ADSCs 

seeded in conduits have been shown to promote nerve regeneration, in a manner similar 

to that attained by using SCs [23,24,25]. Nerve conduits seeded with Schwann-like cells 

were used to bridge 15 mm rat sciatic nerves, and at 12 weeks the number of myelinated 

axons was about 2700-3100 [24]. However, the aforementioned induction methods for 

obtaining differentiated cells are rather complicated and time-consuming.  

Many studies have confirmed the regenerative potential of non-differentiated 

ADSCs in peripheral nerve repair and functional recovery of exercise behavior. For a 10 

mm gap, differentiated and non-differentiated ADSC-seeded conduits produced 

regenerative effects similar to those attained using SCs after 24 weeks [27,81]. 

Non-differentiated ADSCs directly introduced into the nerve conduits could promote 
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sciatic nerve repair across a 10 mm gap after 6-10 weeks [26,28]. In our study, the 

surface markers for ADSCs were identified by flow cytometric analysis of cluster of 

differentiation antibodies (CD29 (+), CD31 (-), CD34 (-), CD44 (+), CD45 (-), CD73 

(+), CD90 (+), and CD105 (+)). The surface marker expression of ADSCs was 

consistent with that of mesenchymal stem cells in literature [32,82]. Compared to the 

work of Shen et al. [28] who seeded ADSCs inside nerve gelatin-tricalcium phosphate 

conduits, our epineurial-like conduit (AGS) had a greater number of myelinated axons 

(>6000 at 6 weeks vs. ~4000 at 8 weeks). Moreover, our epineurial-like conduit (AGS) 

resulted in a higher nerve conduction velocity (42.7 m/s, 6 weeks) than that reported for 

acellular nerve allografts containing non-differentiated ADSCs in the lumen (12.45 m/s, 

12 weeks) [26]. 

In all of the previously published methods, cells were introduced into the lumen of 

the conduits by direct injection [23,24,26,28,29], , embedding in gels (gelatin, collagen, 

fibrin) [27,31,32], or dynamic seeding [4,32,34,35,97]. Cells were either filled inside 

the nerve conduit or attached on the inner surface. Unlike the previous approaches, we 

seeded ADSCs from the outside of the conduit, intending to produce an epineurial-like 

tissue for nerve regeneration. Compared to earlier studies [28,32] in which ADSCs were 

introduced into the lumen of the conduits by direct injection, our study showed higher 

NCVs [28] and better morphology of regenerated nerves manifested by more 

myelinated axons and a larger cross-sectional area [32]. For ADSC-seeded conduits 

cultured for 7 days in vitro, a portion of the cells moved into the porous wall while other 

ADSCs attached on the outer surface. Since the porous structure and surface dense skin 

layer may significantly affect the cell ingrowth, we examined the effect of two different 

porous structures (GS and GL) on ADSC growth and proliferation. GS had better 

structural stability, permeability, and porosity. When ADSCs were seeded on GS, the 
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cell growth and cell viability were greater than that observed on GL. The AGS conduits 

may have favorable effects on the metabolic exchange, which may also enhance the 

diffusion of growth promoting factors. In a previous study [32], co-culture of SCs and 

ADSCs resulted in an upregulation in the expression of BDNF, GDNF, and NGF genes 

as time over time. Co-cultured SCs and ADSCs at 7 days showed greater NGF gene 

expression than ADSCs or SCs alone. Based on the results of the present study, it 

appears that SCs secreted more neurotrophic factors than ADSCs. Moreover, Kingham 

et al. [19] indicated that ADSCs could differentiate into Schwann-like cells in vitro. 

Others found that ADSCs did not differentiate into SCs after implantation [98]. In 

another study, transplanted ADSCs were differentiated into non-myelinating SCs after 

31 days [82]. In our study, DiI-labeled ADSCs were found close to the nerve conduits 

while S-100 positive SCs were predominantly observed in the neural tissue close to the 

center of the lumen but not in the epineurial-like structure of the conduit (Figure 4.5 and 

4.8). This observation indicated that ADSCs did not or had not differentiated into SCs 

after 6 weeks. Based on the literature [32,82], we assumed that ADSCs may interact 

with endogenous SCs and release neurotrophic factors.  

Taken together, the data suggests that seeding ADSCs on the external surface of 

AGS could provide an epineurial-like support that promotes nerve regeneration as 

compared to a conduit (GS) without cells. The conduit structure (GS instead of GL) 

may determine if the ADSCs successfully colonize on the conduit and form an 

epineurial-like structure. This assumption was substantiated by the better efficacy of 

AGS vs. AGL. It was also evident that the design of a nerve conduit was important for 

producing a biohybrid nerve conduit that could provide epineurial-like support. 
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Chapter 6 Conclusions 

 

In this study established a new concept in peripheral nerve regeneration. 

Non-differentiated ADSCs were seeded from the outside of the conduit to produce an 

epineurial-like biohybrid nerve conduit. The design of the conduit may be critical for 

producing a biohybrid nerve conduit and to provide an epineurial-like support. 

Experimental data indicated that the autograft and ADSC-seeded GS conduits had better 

functional recovery than the blank conduits and ADSC-seeded GL conduits. The area of 

regenerated nerve and number of myelinated axons quantified based on the histology 

also indicated that the autograft and AGS groups performed better than the other two 

groups. We suggested that ADSCs may interact with endogenous Schwann cells and 

release neurotrophic factors to promote peripheral nerve regeneration. Investigation 

remains to be conducted regarding the interaction of ADSCs and endogenous SCs, the 

possible cytokine effect, the feasibility in bridging a longer gap, and the long-term 

results for future clinical applications. 
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Future work 
 

[1]. Investigation remains to be conducted regarding the interaction of ADSCs and 

endogenous SCs, the possible cytokine effect, the feasibility in bridging a longer gap, 

and the long-term results for future clinical applications. 

[2]. Application of bioactive substrates by chitosan microparticle encapsulating 

platelet-rich plasma (PRP) hybrid electrospinning of biodegradable fibers. 
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