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Extracellular matrix components in peripheral nerve 
repair: how to affect neural cellular response and nerve 
regeneration?
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Introduction
Recovery after nerve injury depends on the severity of the le-
sion and on the patient’s conditions. A transient concussion 
(neuropraxia) stops temporarily the conduction of the nerve 
pulse (Burnett and Zager, 2004) and nerve function is usu-
ally restored within 6 to 8 weeks post-injury (Kaye, 2005). 
Axotomy involves instead Wallerian degeneration causing 
complete denervation at the injury site. In case of whole 
nerve disruption (neurotmesis), the continuity of the neural 
components is completely lost, thereby impedes functional 
recovery (Wiberg and Terenghi, 2003; Burnett and Zager, 
2004).

Nerve autografts are considered the “gold standard” for 
peripheral nerve repair, yet only 50% of the patients experi-
ence functional recovery (Lee and Wolfe, 2000; Belkas et al., 
2004). In addition, autograft harvesting causes permanent 
denervation at the donor site, and further affects patients’ 
quality of life (Lassner et al., 1995; Siemionow et al., 2010). 
To overcome these limitations, material scientists and engi-
neers, together with surgeons, are developing artificial con-
duits for nerve repair. Four key factors are to be controlled 

and optimised when designing a nerve conduit: (1) materials 
and design of the substrate (from macro- to nano-scales), (2) 
incorporated trophic factors, (3) glial cells and (4) extracel-
lular matrix (ECM) proteins/peptides (Bellamkonda, 2006). 
This perspective article focuses on the latter and reports on 
the effect of biological molecules on nerve regeneration after 
injury.

The main goal of an artificial nerve conduit is to bridge 
the nerve gap, joining the proximal and distal stumps. The 
regenerative process is confined within a closed environment 
that enables axons sprouting from the proximal to the distal 
nerve segments, and reduces the formation of scar tissue 
(Kingham and Terenghi, 2006). During the whole regenera-
tion process, five phases ensue: 1) a fluid phase, rich in pro-
teins and neurotrophic factors; 2) a matrix phase, involving 
the development of a fibrin-rich scaffold; 3) a cellular migra-
tion phase, involving perineural, endothelial and Schwann 
cells (SC); 4) an axonal phase, and 5) a myelination phase, 
involving SC action (Daly et al., 2012; Kehoe et al., 2012).

Natural polymers, including collagen, hyaluronic acid, 
fibrin gels, alginate, agarose and chitosan (Bell and Haycock, 
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2012; Geuna et al., 2014) are commonly used for nerve re-
generation due to their high affinity with SC. These cells 
express specific integrins, i.e. α1β1, α2β1, α6β1, α6β4, α5β1, 
αVβ3, that bind to ECM proteins and promote myelination 
through their interaction with the basal lamina (Chernousov 
and Carey, 2000). The degradation rate of these polymers 
and their effect on neuronal cell response can be controlled 
by modifying their polymerisation procedure (Schmidt & 
Leach, 2003). However, natural polymers are characterized 
by poor mechanical properties, causing the conduit to kink 
or collapse, and undergo fast degradation in vivo, hence 
co-polymers are required to improve the scaffold stability 
(Xie et al., 2008; Wang and Cai, 2010).

Synthetic conduits can be classified as “inert” or “active”, 
according to their behaviour. The former only provide a 
suitable guidance environment for the regenerative pro-
cess, whilst the latter provide controlled release of growth 
factors or other biological molecules to improve neuron 
regeneration (Aldini et al., 2000). Silicone and polytetraflu-
oroethylene (PTFE) conduits are frequently used in clinical 
applications for nerve repair. They are non resorbable poly-
mers, which can constrain and compress the regenerating 
nerve fibers (Siemionow and Brzezicki, 2009). Biodegradable 
polymers, e.g. poly(lactic acid) PLA, poly(glycolic acid) (PGA), 
poly(lactic-co-glycolic acid) (PLGA) and poly(ε-caprolactone) 
(PCL), enable nerve regeneration, showing comparable results 
to autografts (Wang and Cai, 2010; Daly, et al. 2012; Kehoe 
et al., 2012; Nectow et al., 2012). Biodegradable polymers 
are usually preferred in nerve regeneration to avoid removal 
post-implantation in long-term applications, but cytotoxic re-
actions can occur because of degradation byproducts released 
in the confined environment (Belkas et al., 2004). 

An additional challenge in nerve repair is overcoming long 
gaps (> 3 cm) (Deal et al. 2012). Strategies are being ex-
plored with the implementation of new functional groups of 
biomaterials designed to mimic the biological properties of 
the native tissue. 

Influence of ECM molecules on cell behaviour
The ECM is the acellular component of all tissues and or-
gans, and is composed of two main categories of biomol-
ecules: proteoglycans and fibrous proteins (i.e., collagen, 
elastin, fibronectin and laminin). It provides a well-defined 
physical and chemical environment for cell survival and 
developmental path, determining tissue morphogenesis, dif-
ferentiation and homeostasis (Frantz et al., 2010), which are 
highly tissue-specific and markedly heterogeneous.

Surface chemistry of a biomaterial is important for the 
formation of cell focal adhesion points, which are responsi-
ble for integrin binding between cells and substrate, as well 
as for cell signalling (Keselowsky et al., 2004). More specif-
ically, cell integrins bind to the ECM proteins adsorbed on 
the substrate by changing the conformation of the α and 
β subunits, form clusters, and transmit signals to the actin 
filaments through several protein assemblies (Owen et al., 
2005; Geiger et al., 2009). ECM-integrin interactions then 
trigger the activation of focal adhesion kinase (FAK) and a 

cascade of phosphorylation reactions follow, leading to the 
generation of mechanical forces and the transcription and 
regulation of specific genes, responsible for cell growth and 
differentiation (Owen et al., 2005; Geiger et al., 2009). In 
the specific field of peripheral nerve repair, as reviewed by 
Gardiner, the importance of ECM proteins is already visible 
at the developmental stage of the nervous system, during 
which fibronectin is mainly involved in the migration and 
differentiation of the neural crest cells. In constrast, laminin 
is the main protein involved in the maturation stage of the 
peripheral nervous system and appears to be crucial for the 
SC to successfully myelinate axons (Gardiner, 2011). Xie and 
Auld (2011) further demonstrated that integrin complexes 
play an important role in maintaining the ensheathing layer 
of glial cells around the axons, dictating and modulating the 
process of myelination. 

Adding different biomolecules, i.e., proteins, saccharides, 
lipids and drugs, to the surface of a substrate is a very com-
mon strategy to improve the material biocompatibility 
and promote/inhibit specific cell responses. Due to their 
importance during the development and the regeneration 
of the sensory nervous system, laminin, fibronectin and 
collagen have been successfully used as coatings of tissue 
culture plastic and poly-3-hydroxybutyrate mats to en-
hance Schwann cell (SC) response (Armstrong et al., 2007). 
Initial attachment of cells was unaffected by neither of the 
ECM molecules, whilst a remarkable improvement in SC 
proliferation was observed compared to untreated surfac-
es, with laminin showing the best results. Cell number was 
remarkably increased and stimulated neurites sprout from 
dissociated dorsal root ganglia (DRG) neurons (Armstrong 
et al., 2007). Results were later confirmed by Gamez Sazo et 
al. (2012) by culturing DRG explants on gelatin membranes 
photo-co-immobilized with both fibronectin or laminin, 
and neurotrophins. Absence of these chemical stimuli lim-
ited axon outgrowth, single ECM protein coating increased 
neurite sprouting, but the best outcome was observed with 
a synergistic action fibronectin + laminin, resulting in the 
longest and most robust neurites among the experimental 
groups. Using a co-culture model with SC and NG108-
15 cells, it was demonstrated that the presence of laminin 
stimulated the phosphorylation of different transcription 
factors in the SC, promoting growth of longer neurites by 
the neuronal cells (Armstrong et al., 2008). Recent evidenc-
es showed that these molecules not only have beneficial 
effects on glial and neuronal cells, but also protect stem cells 
differentiating into SC-phenotype from anoikis (di Summa 
et al., 2013), encouraging their viability and attachment 
to the surrounding ECM-simulated environment in both 
serum-free medium and PBS. Also, this study further con-
firmed the high DRG neurite sprouting in presence of lami-
nin (as previously shown by Armstrong et al., 2007), which 
was necessary for the formation and long and branched 
neurites from the neuronal body. Therefore, ECM-modified 
scaffolds can be a valid approach in peripheral nerve repair 
to either improve endogenous cell survival and migration at 
the injury site or transplant exogenous cells by pre-loading 



1945

de Luca AC, et al. / Neural Regeneration Research. 2014;9(22):1943-1948.

them in a biomimetic conduit. A study involving aligned 
electrospun nanofibers seem to confirm the important 
role of fibronectin in regulating SC migration along the 
topographical cues, causing in turn the deposition of a very 
well-organised fibronectin matrix (Mukhatyar et al., 2011). 
Conversely, in vitro cultures in fibronectin-free conditions 
resulted in significantly reduced cell migration along the 
topographical cues. However, all these studies mainly fo-
cused at the early cell response in vitro. Further evidences 
showed that after the initial promotion of the tissue re-
generation, fibronectin debris might actually hinder the 
completion of the repairing process (Stoffels et al., 2013). 
Therefore, fibronectin deposition should be controlled and 
optimised in order to define highly regenerative systems, 
reducing risks of tissue obstruction. 

Growth factors, i.e., brain-derived neurotrophic factor 
(BDNF), ciliary neurotrophic factor (CNTF), fibroblast 
growth factor (FGF), glial cell-derived neurotrophic factor 
(GDNF), nerve growth factor (NGF), neurotrophin-3 (NT-
3), have been found to have specific affinity with particular 
ECM components (Pabari et al., 2011). For example, NT-3 
and BDNF have shown good affinity to fibrinogen, but not 
NGF (Martino et al., 2013). This selective binding property 
can be quite advantageous when designing drug release con-
structs. In fact, the specific factors bound to the fibrinogen 
will be gradually released in the surrounding environment 
due to gel degradation, stimulating specific functions of the 
autologous cells. Cao et al. (2011) studied the incorporation 
of CNTF in laminin-coated collagen scaffolds, recreating a 
functional drug delivery system for nerve repair. This was 
achieved by modifying the growth factor sequence with a 
laminin-binding domain, resulting in a comparable neuro-
trophic bioactivity, but stronger binding to the laminin coat-
ing, and slower and gradual release of the drug compared 
to the native molecule. When BDNF and NT-3 were supple-
mented to a gelatine system, their gradual release into the 
surrounding environment was also beneficial for the attach-
ment and proliferation of SC, and for the neurite sprouting 
from DRG explants (Gamez Sazo et al., 2012). 

Besides ECM components, moieties derived from ECM 
proteins are considered very selective in cell binding and 
can be packed at higher density on the substrate (Hersel et 
al., 2003), leading to more specific cell-material interactions 
(Figure 1). To date, there is considerable evidence that spe-
cific amino acid sequences, such as RGD (Arg-Gly-Asp) (de 
Luca et al., 2013a, b), IKVAV (Ile-Lys-Val-Ala-Val) (Wei et 
al., 2007; Hosseinkhani et al., 2013) and YIGSR (Tyr-Ile-
Gly-Ser-Arg) (Masaeli et al., 2014), facilitate the interaction 
between ECM proteins and integrins on cell membranes, 
and enhance the adhesion and proliferation of neural cells. 
However, RGD has shown very good affinity with several cell 
types due to its presence in many ECM proteins and it has 
been widely investigated for different biomaterials and tissue 
engineering applications, as reviewed by Perlin et al. (2008). 
The two laminin-derived pentapeptides have been instead 
demonstrated to target specific responses of SC (Masaeli et 
al., 2014) and neurons (Wei et al., 2007; Hosseinkhani et al., 

2013), as well as neuron-like differentiated stem cells (Xie et 
al., 2013). YIGSR-modified nanofibrous scaffolds positively 
affected SC metabolic activity and stimulated the secretion 
of neurotrophins in the surrounding environment, including 
GDNF, BDNF, CTNF and NGF (Masaeli et al., 2014). Hos-
seinkhani et al. (2013) observed instead that IKVAV-modi-
fied collagen matrices promoted DRG neuron responses even 
when cultured in absence of neurotrophic factors, common-
ly used for in vitro experiments. In addition, they compared 
the pentapepetide moiety with a similar but scrambled se-
quence, resulting in no differences of cell response compared 
to the untreated material, hence confirming the importance 
of the specific pentapeptide sequence in peripheral nerve re-
pair. Finally, Xie et al. (2013) demonstrated that the viability 
of stem cells was remarkably enhanced when in contact with 
the IKVAV moiety, providing the best environment for their 
proliferation and differentiation. Remarkable improvements 
at the cell-biomaterial interface have been reported, defining 
the importance of the selected material and its physical and 
mechanical properties in order to achieve effective surface 
modifications that are positively sensed by cells.

In vivo response of modified nerve guidance 
conduits
The influence of ECM on neural cells demonstrated in vi-
tro was further translated in new approaches for peripheral 
nerve regeneration. Although peptide modifications of the 
culture substrates are widely investigated in vitro, not many 
studies on their effect in vivo are available in literature. An 
example of the potential application in vivo of functionalised 
conduits with RGD was shown by Yan et al. (2012). In their 
study, they bond the peptide moiety to the backbone of a 
polymer conduit and were successful in repairing a 10 mm 
injury gap in rats after 3 months. However, the most used 
approached in peripheral nerve repair can be divided in two 
categories: the fabrication of neural guidance using ECM 
components as bulk materials and the use of natural fillers/
matrices in the inner lumen of the conduit.

Purified ECM proteins, such as collagen and fibrin, have 
been extensively reported in peripheral nerve repair due to 
their ability to support axonal outgrowth until nerve is com-
pletely regenerated (Wang and Cai, 2010; Gu et al., 2011; 
Bell and Haycock, 2012). In fact, as reviewed by Daly et al., 
(2012), the formation of a fibrin-rich scaffold can be usually 
observed between the proximal and distal stumps in order 
to support the following cell migration through an ECM 
bridge. The natural scaffold forms within 1 week after in-
jury, guiding the migration of SC together with endothelial 
cells and fibroblasts, to form the bands of Büngner. By using 
ECM proteins is therefore possible to simulate and engineer 
the regenerative process as it would naturally occur in vivo. 

To date, three collagen conduits are commercially avail-
able on the market: NeuraGen® and NeuroFlex® are both 
made of typeI collagen from bovine but they differ in the 
protein cross-linking which affects the degradation time of 
the scaffold, while RevolNerve® is made of typeI and typeIII 
collagen from porcine skin (Bell and Haycock, 2012; Kehoe, 
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McGrath et al. (2010) demonstrated that pre-seeded SC into 
BD™PuraMatrix™ hydrogels were able to survive both in 
culture and after transplantation into the nerve defect. The 
cells remarkably stimulated the axonal outgrowth in the 
injury gap entering the proximal stump after 3 weeks in a 
highly aligned configuration. In fact, the encapsulated cells 
are able to remodel the matrix by secreting more ECM mol-
ecules and align in similar structures to the actual Bands of 
Büngner of autologous nerves (Suri and Schmidt, 2010).

However, further modification of the chemical composi-
tion of these fillers with additional ECM-derived compo-
nents may be necessary to fasten regeneration of the trans-
acted nerve. Labrador et al. (1998) demonstrated that the 
addition of laminin to collagen-based gels stimulates earlier 
regeneration at 2 weeks post-implantation in 4 mm gaps 
(Labrador et al., 1998). By changing matrix concentration 
and density, it is possible to modulate the degradation time 
of the filler, optimising the regenerating environment for 
better outcomes. It appears indeed that a combination of 
collagen, laminin and fibronectin as filler for a silicon tube 
induced high levels of regeneration after 6 weeks in a 10 mm 
gap compared to gels without ECM molecules (Chen et al., 
2000). Functionalisation of the fillers with ECM molecules, 
such as laminin, also supported the regeneration of a sciatic 
nerve up to 80 mm in a dog model, confirming the import-
ant role played by these biomolecules in nerve regeneration 
(Matsumoto et al., 2000). However, tissue recovery was not 
entirely completed as demonstrated by histological and 
electrophysiological investigations, and future optimisation 
of the “conduit + filler + ECM molecules” construct is in 
high demand. More recently, a novel self-assembled peptide 
amphiphile (PA) gel further functionalised with the amino 
acid sequence RGDS was developed to fill the empty cavity 
of poly(lactic-co-glycolic acid) (PLGA) conduits, resulting 
in high motor function recovery comparable to the positive 
control of autografts (Li et al., 2014).

Further modification of the ECM proteins involves growth 
factors binding through specific functional groups and/or 
electrostatic interactions, which are then gradually released 
in the surrounding environment. Such composite tissue 
engineered constructs can induce faster axonal regeneration 
and higher compound muscle action potential (CMAP) 
(Jin et al., 2013). The type and the loading concentration of 
growth factors in the conduit filler, and the mechanism of 
drug delivery need to be optimised in order to guarantee a 
long-term effect on regeneration and functional recovery of 
the target organ.

Future perspectives 
The latest results achieved in the field of peripheral nerve 
regeneration are promising, although long gaps are still hard 
to recover. New approaches currently under consideration 
include diverse modifications of the inner lumen of the 
artificial conduits with physical cues that could potentially 
guide the regenerative process in the confined environment. 
Although it was demonstrated that SC align in ECM fillers 
as it would happen in the natural endoneurial structure of 

et al. 2012). A recent in vivo study using a rat model with 
a 10 mm defect confirmed the good interaction of these 
ECM-derived conduits with glial cells, as pre-loaded SC 
adhered and homogenously distributed onto the wall of the 
collagen scaffold (di Summa et al., 2014). No postoperative 
complications occurred and endogenous SC infiltration was 
stimulated for more than 2 weeks. However, the maximum 
length repaired with these conduits is 2–3 cm, with nerve 
functionality not always recovered. Fibrin devices, on the 
other hand, lack of consistency and handling capability 
make them not very suitable for surgery unless co-polymer-
ised with a second material to guarantee valid properties for 
implantation. 

Alternatively, ECM proteins can also be used as transplan-
tation matrices in form of gels to fill artificial conduits, pro-
moting axonal outgrowth and cell proliferation, as well as 
gradually releasing neurotrophic factors in the confined en-
vironment (Pabari et al., 2011; Daly et al., 2012). In this par-
ticular case the gel concentration and the conduit porosity 
are the main parameters that can influence the regenerative 
process, as they can obstruct the axon outgrowth (Labrador 
et al., 1998). The most common ECM proteins used for the 
production of luminal fillers are collagen, laminin, fibrin, 
heparin and heparin sulphate (Pabari et al., 2011). Nakaya-
ma et al. (2007) demonstrated that, conduits filled with 
fibrin gel allowed nerve regeneration and myelination after 
4-week implantation in rats and promoted earlier axonal 
outgrowth compared to empty tubes. Fibrin was also com-
bined with agarose to provide a better matrix performance 
in vivo and transplant exogenous cells in a 12 week experi-
ment (Carriel et al., 2013). In particular, the property to pre-
load cells in the conduit lumen with this approach appeared 
to be very advantageous, resulting in higher levels of axon 
regeneration and myelination, and better organisation of the 
cell-deposited ECM. Nevertheless, evidence show that fibrin 
maintains SC in a non-myelinating state (Akassoglou et al., 
2002) and therefore the degradation time of the luminal gel 
should be optimized in order to trigger axon myelination 
in due time during the regeneration process. In addition, 

Figure 1 Modifications of the inner lumen of the nerve conduit.
The tube can be filled with a biological matrix, which in turn can in-
corporate extracellular matrix (ECM) moieties or growth factors to 
stimulate nerve regeneration. Alternatively, coatings with ECM-derived 
proteins or functionalization with specific moieties can (bio) mimic the 
biomaterial surface, enhancing cell response.

Luminal fillers

Coatings/
function 
salisation

Matrix

ECM moities/
growth factors
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an autologous nerve, pre-alignment of the ECM compo-
nents with magnetic field would provide a guiding pattern 
to pre-orient the cells in the conduit and accelerate the 
regeneration process, as suggested by previous preliminary 
results (Rosner et al., 2005). A different approach may be the 
addition of micro-fibres or -filaments in the conduit lumen, 
which also enhance the scaffold permeability, reducing the 
risk of cell necrosis in the centre of the nerve guidance (Gu 
et al., 2011). These micro-filaments can be then further coat-
ed with ECM components in order to enhance cell-surface 
interactions, hence promoting higher regeneration of the 
injured tissue (Tong et al., 1994).
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