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  Pref ace   

 The frontiers of medical technology that are currently being explored are unparal-
leled. Scientists, engineers, and clinicians are pushing the boundaries of our under-
standing of the underlying mechanisms of human neurobiology and applying this 
new knowledge in truly innovative ways. All of these explorations and advances 
have been focused toward solving some of medicine’s most intractable problems. 
Nowhere has the rapid growth and advancement of high tech solutions been more 
prevalent than in the use of advanced engineering techniques for the study of neural 
tissue repair, stimulation, and disease. This premier edition of  Neural Engineering: 
From Advanced Biomaterials to 3D Fabrication Techniques  encompasses an exten-
sive body of knowledge including various cutting-edge topics related to neural engi-
neering. Specifi cally, the contributions detail the state of the art in the use of 
advanced 3D bioprinting, stem cells, conductive materials, nanomaterials, neural 
modeling, and brain machine interfaces as applied to solving prevalent clinical 
issues related to neurology. 

 The majority of this book focuses on highly controllable 3D fabrication methods, 
stem cells, and materials for neural regeneration. Relevant chapters span a variety of 
areas, including 3D bioprinting, microfl uidics, stem cell signaling and differentia-
tion, bioactive 3D scaffolds, surface patterning and the infl uence of nanotopogra-
phy, controlled neural growth, and the use of electrically conductive materials, 
among many related topics. As the collective understanding grows pertaining to 
neuronal tissue extracellular matrix components and their interactions with native 
cells, new approaches to seamlessly integrate micro- to nano-architectural charac-
teristics, biochemical signaling, and other key infl uencing features for controlling 
stem cell biology have taken center stage as a prevailing methodology for treating 
complex neurological conditions. The text is meant to provide a resource for bio-
medical engineers, neuroscientists, neurophysiologists, and industry professionals 
for both comprehensive and cutting-edge themes in the practice of neural engineer-
ing. This book contains contributions from some of the world’s leading authorities 
on advanced approaches to neuronal engineering. Their work and perspectives com-
bine to create a powerful resource for informing the activities of other researchers 
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and clinicians, as well as creating a unique window into the state of the art in areas 
of micro/nanotechnology, biomaterials, stem cell biology, and neural tissue 
engineering. 

 This book has a particular focus on the important progress that has been made in 
the manipulation of materials and controlled fabrication techniques which can direct 
neural tissue formation. A unique set of environmental and functional characteris-
tics unique to stem cells and neuronal cells for development and function are linked 
to the precise design of biomimetic systems. None of the advances in these areas 
would be possible without the scientists, medical practitioners, and individuals who 
have dedicated themselves to developing cutting-edge neural engineering tech-
niques. Special recognition should be made to the formative minds who have con-
tributed to this book. This book should be viewed not only as a thorough review of 
the current state of the fi eld but also to document some of the incredible accomplish-
ments made in recent years that will lead us into the future.  

  Washington, DC, USA     Lijie     Grace     Zhang    
 Medford, MA, USA     David     L.     Kaplan     

Preface
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    Chapter 1   
 Biomaterials and 3D Printing Techniques 
for Neural Tissue Regeneration                     

     Se-Jun     Lee    ,     Wei     Zhu    ,     Nathan     Castro    , and     Lijie     Grace     Zhang    

1.1           Introduction 

  Nervous system   is the most vital system in the human body affecting the sensory 
and motor functions (Jeans et al.  2007 ; Anon.  2011 ; Khaing and Schmidt  2012 ; 
Kiernan and Rajakumar  2013 ) which is broadly divided into  the   central nervous 
system (CNS) and the peripheral nervous system (PNS). The CNS consists of the 
two major  structures  : brain and spinal cord, whereas  the   PNS involves nerves 
located throughout the rest of the body. Injuries to the CNS affect two million peo-
ple in the United States each year (Ai et al.  2013 ) often leading to very serious 
complications including neurodegenerative diseases and physical damage to regions 
of brain and spinal cord. Unfortunately, injuries to these sites are largely intractable. 
Associating with post brain trauma, astrocytes will be activated, proliferate, and 
form an inhibitory glial scar. Although this process prevents the spread of injuries to 
nearby tissues, permanent damage is present at the injury site. In addition to trau-
matic brain injuries, the annual incidence of  spinal cord injuries (SCI)   is estimated 
to be approximately 12,000 new cases each year leading to a total of ~273,000 
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persons in the United states (Daly et al.  2011 ). Successful therapeutics for full neu-
ral functional recovery has been diffi cult to achieve due to the complexity of the 
CNS and an inhospitable environment around the lesion site for cell translation 
(Tam et al.  2013 ). After the swelling from the injury subsides, patients begin a long 
period of rehabilitation during which time they train the remaining nerves to com-
pensate for the loss of function (Meaney and Smith  2014 ; Perry and Teeling  2013 ). 
Unfortunately, there is currently no treatment available to fully restore nerve 
function. 

 Although the  PNS   has a greater capacity for axonal regeneration after injury than 
CNS, spontaneous peripheral nerve repair is still always incomplete with poor func-
tional recovery (Schmidt and Leach  2003 ; Sulaiman and Gordon  2013 ). When a 
severe  peripheral   nerve injury occurs,  scar tissue   begins to form between the proxi-
mal and distal segments. If the cell body is intact within the proximal segment, the 
cell will begin to sprout out axons (Calvo and Bennett  2012 ; Gaudet et al.  2011 ). On 
the other side, the disconnected distal segment undergoes demyelination and degra-
dation within hours of injury. For the greatest chance of success, surgical interven-
tions must occur as soon as possible to the time of injury. The goal of surgical repair 
is to guide regenerating sensory, motor, and autonomic axons to the distal nerve 
stump to increase the chance of target regeneration. Currently, transplantation of 
 autografts   is the most common used method to bridge the lesion site (Lin et al. 
 2013 ). However, there remain many inherent drawbacks to autologous transplanta-
tion including pain and donor site morbidity, mismatch of donor nerve size, and 
fascicular inconsistency between the autograft and the proximal and the distal 
stumps of the injured site (Hasirci et al.  2014 ). Alternatively, neural  tissue   engineer-
ing is being explored in an effort to develop artifi cial nerve scaffolds to overcome 
these limitations. 

  Neural tissue engineering   approach utilizes an artifi cial neural scaffold to replace 
the defective sites and eventually restore nerve function. In the last few decades, 
many  nerve scaffold fabrication techniques   have been explored. Among them,  3D 
printing techniques   have recently drawn great interest because they can fabricate 
scaffolds with highly controlled spatial architecture to meet patient-specifi c require-
ments. Many natural and synthetic biomaterials have been investigated in creating 
3D-printed  nerve scaffolds  . Naturally derived materials share similar characteristics 
to human native tissue, which enhance their biocompatibility for neural tissue engi-
neering applications. However, the intrinsic poor mechanical properties of many 
natural polymers limit its wide use in 3D  printing   technologies. In contrast,  syn-
thetic biomaterials   have great chemical and mechanical properties that can be easily 
tailored to meet the specifi cations necessary for 3D printing. Therefore, they are 
very popular to construct  3D-printed   nerve scaffolds. A major drawback of  syn-
thetic biomaterials   is their poor cell adhesive properties. Thus, utilization of com-
bined synthetic and natural polymers with unique characteristics can be an 
appropriate solution to repair damaged nerve tissues. In the following, we will focus 
on the current progress in advanced biomaterials and 3D printing techniques for 
neural tissue regeneration.  

S.-J. Lee et al.
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1.2     Neural Tissue Engineering 

   Neural tissue engineering   integrates cells, biomaterials, and 3D fabrication tech-
niques to treat nerve injuries. Fortunately, advances in both tissue engineering and 
neuroscience have provided a very optimistic outlook for nerve injury treatments.  

1.2.1     Criteria for Ideal Tissue-Engineered Neural Scaffolds 

   The development of biomimetic scaffolds is very important in guiding native cells 
to adhere and proliferate within native extracellular  matrix      (ECM). Nervous system 
ECM contains a myriad of biological constituents such as various glycoproteins 
which are essential in guiding neuronal outgrowth (Barros et al.  2011 ; Zimmermann 
and Dours-Zimmermann  2008 ; Rutka et al.  1998 ). Therefore, when the ECM in the 
nervous system is disrupted because of injury, the implanted scaffold is required to 
have analogous functions of native ECM to support axonal regeneration. Ideally, 
scaffolds for neural tissue engineering should meet several design criteria: (1) the 
surface of scaffold should allow excellent cell adhesion and proliferation; (2) the 
scaffolds should be biocompatible with very low cytotoxicity and infl ammation 
in vivo; (3) the scaffolds should degrade in vivo with producing cytocompatible 
metabolites; (4) high porosity is desirable to allow suffi cient gas and nutrient 
exchange and promote cell adhesion and migration; and (5) the scaffolds should 
have mechanically stable three-dimensional structures. Figure  1.1  shows these ideal 
characteristics of nerve scaffolds. Next, we will discuss the biomaterials and 3D 
printing for the fabrication of ideal nerve scaffolds.  

1.2.2        Biomaterials for Nerve Scaffold 

    Both natural polymers [i.e., chitosan, collagen, gelatin, alginate, hyaluronic acid) and 
synthetic polymers (i.e., polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), 
and poly( L -lactic acid) (PLLA)] have been used in clinical practice for various  biomedi-
cal         applications for more than 30 years and have been developed for neural tissue regen-
eration (Zorlutuna et al.  2013 ). In addition to these conventional natural/synthetic 
polymers, electrically conductive polymers and carbon-based nanomaterials have been 
found as promising candidate materials for enhancing neural cells-scaffold interaction. 
Each biomaterial will be discussed for its potential uses in neural interfaces.    

1.2.2.1     Natural Biomaterials 

     A wide range of  natural biomaterials            possessing great biocompatibility have been 
studied for use in nerve regeneration (Khaing and Schmidt  2012 ; Tarun et al.  2012 ; 
Anon.  2011 ; Subramanian et al.  2009 ; Tam et al.  2013 ; Huang and Huang  2006 ; 

1 Biomaterials and 3D Printing Techniques for Neural Tissue Regeneration



4

Nectow et al.  2012 ; Daly et al.  2011 ; Hodde  2002 ). They also closely mimic the 
natural tissue ECM. The common natural polymers for  neural tissue engineering   
include alginate, collagen, gelatin, chitosan, hyaluronic acid (HA), and fi brin. 
Currently, many approved and commercially available nerve conduits are made 
from natural biomaterials such as collagen type I-based NeuroFlex and NeuroMax. 
In the following discussion, we will explore some of the most popular neural-related 
natural biomaterials. 

  Collagen   is the most abundant mammalian protein comprising the majority of 
connective tissue (Glowacki and Mizuno  2008 ; Miyata et al.  1992 ; Cen et al.  2008 ; 
Walker et al.  2009 ). The indigenous nature of  collagen   and potential ability to sup-
ply both structural and nutritive support make it an attractive material for nerve 
scaffold fabrication (Li et al.  1992 ; Archibald et al.  1991 ;  1995 ; Mackinnon and 
Dellon  1990 ; Ceballos et al.  1999 ; Hodde  2002 ). Mollers et al. described the cyto-
compatibility of a micro-structured porcine collagen scaffold for nerve tissue repair 

Incorporated
support cells

Biocompatibility

Biodegradation Controlled release
growth factor

Tissue-engineered
neural construct

Oriented guidance

Mechanical properties

  Fig. 1.1    Schematic illustration of an ideal tissue-engineered  neural scaffold         

 

S.-J. Lee et al.



5

(Mollers et al.  2009 ). They found that the highly orientated and porous microstruc-
ture of the porcine collagen scaffold supported excellent glial cell attachment, pro-
liferation, and orientated migration, as well as directed axonal outgrowth. The 
excellent biocompatibility of collagen and the maintained 3D geometry of such 
scaffolds may provide the orientational cues that are important for the effi cient 
repair of nerve injuries. 

  Alginate   is another naturally occurring polymer obtained from the brown algae 
of seaweed. Due to the ability to cast the material at room/body temperature for 
producing a porous construct,  alginate   is an attractive material for scaffold fabrica-
tion. Many studies have successfully used alginate-based conduit for  nerve regen-
eration   (Pfi ster et al.  2007 ;  2008 ; Ohta et al.  2004 ; Sufan et al.  2001 ; Mosahebi et al. 
 2003 ; Suzuki et al.  1999 ). Implantation of neural stem cells (NSCs)-laden alginate 
scaffolds into a spinal cord defect of rat model has shown axonal elongation and 
progenitor cell differentiation toward astrocyte lineage (Wu et al.  2001 ). Additionally, 
preliminary research has shown the ability of alginate scaffolds to promote angio-
genesis as well as progenitor cell viability, maturation, and differentiation, thus war-
ranting further investigation into nerve injuries. 

 Normally, many natural biomaterials have poor mechanical properties, disadvan-
tage of variability among batches, short supply, and diffi culty in processing. Hence, 
in order to meet the requirements for preparing an optimal scaffold, several studies 
have used combinations of two or more natural materials to enhance scaffold chemi-
cal and mechanical properties. Wang et al. reported that HA/collagen composite 
scaffolds exhibited suitable mechanical properties for CNS regeneration (Wang 
et al.  2012 ). In vitro experiments showed that NSCs cultured upon HA/collagen 
scaffolds enhanced neuronal differentiation. In addition, Amado et al. have tested 
mechanically modifi ed chitosan nerve scaffolds in animal transplants, which dem-
onstrated improved nerve fi ber regeneration and functional recovery in the sciatic 
nerve when compared to normal control nerve (Amado et al.  2008 ).      

1.2.2.2     Synthetic Biomaterials 

     A number of  synthetic biomaterials such as            polymers have been investigated for use 
in tissue-engineered scaffolds for both peripheral and central nerve regeneration 
(Reid et al.  2013 ; Lee et al.  2012 ; Hanna and Dempsey  2013 ; Sivak et al.  2014 ; Niu 
et al.  2014 ; Khatri and Peerzada  2014 ; Mobasseri et al.  2015 ; Matsumine et al. 
 2014 ; Liu et al.  2011 ). Many of the synthetic polymers are biodegradable and can 
be designed with inherent porosity which directly infl uences adhesion, prolifera-
tion, and migration of neural cells (Gunatillake and Adhikari  2003 ; Bajaj et al. 
 2014 ; Daly et al.  2011 ; Zhu and Che  2013 ). The most widely used synthetic poly-
mers as a scaffold material including PLGA, PCL, polyglycolide (PGA) and PLLA 
will be introduced next. 

  PLGA   has been extensively investigated as a scaffold material for various tissue 
regenerations (Krämer et al.  2011 ;  Zamani et al. 2014 ; Lee et al.  2009 ). It has been 
approved by FDA for many other medical devices owing to its excellent biocompat-

1 Biomaterials and 3D Printing Techniques for Neural Tissue Regeneration
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ibility and biodegradability in the human body. Kramer et al. created  a   PLGA nano-
fi ber matrix with incorporated poly- L -lysine and observed neurite outgrowth of 
NSCs on the scaffold (Krämer et al.  2011 ). In addition, numerous surface modifi ca-
tion approaches  on   PLGA and many other polymer materials including incorpora-
tion of ECM proteins such as laminin, fi bronectin, and collagen or other specifi c 
adhesion peptide sequences like RGD have been investigated (Subramanian et al. 
 2009 ). For example, Huang et al. showed that laminin- modifi ed   PLGA fi lms had a 
signifi cant effect on the Schwann cells’ attachment and affi nity compared to that of 
 control   PLGA fi lm (Huang et al.  2007 ). Overall, these surface modifi cations pro-
duce a hydrophilic and biomimetic surface which leads to increased cell adhesion 
upon the scaffold. 

  PCL   is another popular biodegradable synthetic polymer for use in peripheral 
nerve regeneration. Sun et al. used microporous  biodegradable   PCL and PCL/PLA 
fi lms to test biocompatibility with primary Schwann cells (Sun et al.  2010 ). The 
in vivo result demonstrated that PCL conduits exceeded the performance of the 
widely studied  polyhydroxybutyrate (PHB)   conduit in bridging up a 10-mm gap in 
rat sciatic nerve in 2 weeks. Furthermore, long-term peripheral nerve regeneration 
was examined using a novel PCL nerve conduit (Reid et al.  2013 ). The result dem-
onstrated that similar volume of regenerating axons was found within the nerve 
autograft and  PCL   conduit samples. In addition, similar numbers of myelinated 
axons were found in the distal stump of both groups at 18 weeks post surgical repair. 
This study illustrated the potential use of synthetic biodegradable PCL nerve con-
duit in a clinical setting. 

 Several studies have attempted to optimize the porosity and mechanical strength 
of synthetic materials as a nerve scaffold (Yang et al.  2004 ; Plikk et al.  2009 ; 
Sundback et al.  2003 ; Vleggeert-Lankamp et al.  2007 ). Vleggeert-Lankamp et al. 
have examined the effect of pore size of synthetic nerve scaffold on nerve regenera-
tion (Vleggeert-Lankamp et al.  2007 ). The group used nonporous, macroporous, 
and  microporous   PCL nerve grafts to bridge a 6-mm gap in the rat sciatic nerve. The 
 microporous   PCL nerve graft performed much better than any other groups due to a 
higher electrophysiological response rate producing more regenerated nerve fi bers 
distal to the graft.      

1.2.2.3     Electrically Conductive Biomaterials 

     One of the main functions of  the            nervous systems involves electrical signaling in 
order for cells to communicate with other cell bodies. This implies that an ideal 
neural scaffold should possess electrical properties to enhance proliferation and 
migration of neural cells (Subramanian et al.  2009 ; Brushart et al.  2005 ; Mozafari 
et al.  2012 ; Jin and Li  2014 ; Balint et al.  2014 ; Richardson-Burns et al.  2007 ). In 
this regard, an electrically conductive polymer is highly desirable in reconstructing 
neural connections.  Conductive polymers      have loosely held electrons along their 
backbones. Each atom along the backbone is involved in a pi bond, which is much 
weaker than sigma bonds which hold the atoms in the polymer chain together 

S.-J. Lee et al.



7

(Kumar and Sharma  1998 ; MacDiarmid  2001 ). In order to exhibit the electrical 
properties, all  conductive      polymers undergo a process known as doping. The  doping 
process   allows a neutral chain to be oxidized or reduced to become either positively 
or negatively charged (Ghasemi-Mobarakeh et al.  2011 ; Green et al.  2012 ). The 
 doping   process transfers charge from a dopant molecule to the polymer chain within 
an overall neutral system. During  the   process, charge carriers like polarons and 
bioplarons are introduced into the conjugated chain (Ghasemi-Mobarakeh et al. 
 2011 ). The main  drawback of      conductive polymers for in vivo applications is their 
inherent inability to degrade, which may induce chronic infl ammation and require 
surgical removal (Huang and Huang  2006 ). To overcome this issue, many efforts 
have been made to blend conductive materials with more favorable biodegradable 
polymers. In the following section, the most widely used conductive biomaterials 
will be discussed for use in neural interfaces. 

 Many studies have reported that polypyrrole ( PPY)     , one of the common conduc-
tive polymers, enhances nerve regeneration (Mihardja et al.  2008 ; Xie et al.  2009 ; 
Runge et al.  2010 ; Jin et al.  2012 ; Cui et al.  2001 ; Green et al.  2008 ; Lee et al.  2009 ; 
George et al.  2005 ; Richardson-Burns et al.  2007 ; Nickels and Schmidt  2012 ). For 
example, Schmidt et al. found that electrical stimulation through  PPY   polymer scaf-
folds promoted cell proliferation and axon regeneration (Nickels and Schmidt 
 2012 ). Many researchers have  used   PPY and other synthetic polymers to tailor an 
optimal conductive composite. For instance,    PPY/PDLLA/ PCL      composite scaf-
folds have been implanted in a rat sciatic nerve model to bridge a gap of 8 mm 
(Subramanian et al.  2009 ). The nerve scaffold successfully promoted nerve cell pro-
liferation and axon regeneration in the presence of electrical stimulation 
(Subramanian et al.  2009 ). 

  Polyaniline (PANI)   is another popular conductive polymer. PANI has several 
advantages to include low cost, good environmental stability, and ease of synthesis. 
In order to improve its biocompatibility and biodegradability, one study has  com-
bined    PANI with PCL   and  gelatin   to create a scaffold for supporting neural stem 
proliferation and neurite outgrowth (Ghasemi-Mobarakeh et al.  2011 ). Also, it was 
noted that  collagen-coated PANI   constructs greatly enhanced its biocompatibility 
and cell adhesion (Cullen et al.  2008 ) as well.      

1.2.2.4     Carbon-Based Nanomaterials 

       Carbon-based nanomaterials               with unique electrical, mechanical, and biological 
properties have also been investigated for tissue engineering applications (Harrison 
and Atala  2007 ; MacDonald et al.  2005 ; Abarrategi et al.  2008 ; Shi et al.  2007 ; 
Boccaccini et al.  2007 ; Keefer et al.  2008 ; Tran et al.  2009 ).  Graphene   and  carbon 
nanotubes (CNTs)   are among the most widely used nanomaterials in  neural tissue 
engineering  .  Graphene   is a fl at monolayer of carbon atoms, arranged in a two- 
dimensional hexagonal structure (Bressan et al.  2014 ). The carbon atom is able to 
form covalent bonds between carbon atoms within a molecule.  Graphene   is highly 
biocompatible with low cell toxicity and a large dosage loading capacity, making it a 
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potential effi cient carrier for therapeutic delivery. Another important characteristic of 
graphene is its capacity to form a functional neural network. For instance, Park et al. 
have shown that human neural stem cells can differentiate into neurons rather than 
glia cells on a graphene substrate (Park et al.  2011 ). Differentiated neurons exhibited 
elongated cell shapes with neurite outgrowths that resemble neural network forma-
tions. Furthermore, the research group observed the electrical neural activity of the 
differentiated cells using underlying graphene fi lms as a stimulating electrode. 

 Li et al. developed a  graphene-based 3D structure scaffold   to guide NSC differ-
entiation. The authors demonstrated  that   3D graphene scaffolds exhibit a greater 
capacity for electrical stimulation when compared to a 2D graphene structure (Li 
et al. 2013). In addition, studies by Song et al. have revealed that most carbon-based 
nanomaterials may initiate some form of infl ammation (Song et al.  2014 ). 3D gra-
phene elicited milder neuroinfl ammation in the microglia after  lipopolysaccharide 
(LPS)   activation when compared to 2D graphene, suggesting that topographical 
structures of the materials might affect infl ammatory behavior. 

 Carbon  nanotubes   are rolled graphene sheets with excellent electrical and 
mechanical properties and can be synthesized to a wide variety of lumen structures 
from singled-walled (SWCNTs)    to multi-walled (MWCNTs)    (Fig.  1.2 ). CNTs  are 
  similar in size to ECM biomolecules such as collagen and laminin and have been 
reported to promote neuronal growth. Tzu-I Chao et al. developed a CNT-modifi ed 
polymer 2D fi lm and demonstrated that human embryonic stem cells can differenti-
ate toward a neuronal lineage while maintaining excellent viability (Chao et al. 
 2009 ). The group has also shown that CNT-coated electrodes have improved elec-
trochemical and functional properties of cultured neurons of the rat motor cortex 
and monkey visual cortex (Keefer et al.  2008 ). Both in vitro and in vivo experiments 
have investigated the  cytotoxicity and biocompatibility of   CNTs for potential use in 
neural regenerative applications.

   In addition, Aldinucci et al. studied the immunomodulatory action of human 
dendritic cells  on   MWCNTs in vitro (Aldinucci et al. 2013). Based on their fi nd-
ings, differentiated and activated dendritic cells exhibited a lower immunogenic 
profi le when interfaced  with   MWCNTs and the immune reaction modulation was 
related to topographical and physical features of the growth surface. It was also 
found that neuronal viability of postnatal mouse dorsal root ganglia was reduced 
when exposed to higher concentrations  of   MWCNTs containing culture media 
(Gladwin et al. 2013). In this work, 250 μg/mL  of   MWCNT-containing media 
exhibited neuronal death and abnormal neurite morphology while 5 μg/mL of 
MWCNT-containing media presented no cytotoxicity over 14-day culture. Although 
there have been cytotoxicity concerns raised about CNTs, thus far the  exact mecha-
nisms of   CNT’s effects on cells are still not fully known. But the results described 
previously show that nanotubes are cytocompatible under certain conditions, e.g., 
certain tube lengths, high concentration, hydrophobicity of bare nanomaterial, and 
dispersion of nanotubes. It was suggested that CNTs can serve as an excellent nano-
biomaterial for neural regeneration through surface and structural modifi cations for 
enhanced biocompatibility and cell growth.         

S.-J. Lee et al.
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1.3     3D Printing Techniques for Nerve Regeneration 

   In this section, we will  introduce      some of the most popular 3D printing methods to 
confi gure 3D scaffolds for neural tissue engineering. In contrast to 2D printing 
methods, 3D printing has garnered considerable attention in tissue engineering as a 
means of fabricating tunable 3D biomimetic scaffolds. The outstanding advantage 
of 3D printing techniques is their capacity to directly produce complex tissue scaf-
folds with precise spatial distribution and biomimetic architecture. Many studies 
have used these techniques to print cell-free scaffolds or scaffolds encapsulating 
living cells.   

1.3.1     Inkjet Bioprinting 

    Inkjet bioprinting has been the  most         popular 3D fabrication technology for neural 
tissue engineering. Most inkjet printers used for bioprinting applications were 
modifi ed versions of commercially available 2D ink-based printers (Xu et al.  2013 ). 
The ink in the cartridge was replaced with a cell-containing bioink, and the paper 
was replaced with controllable platform stage with  z -axis. Inkjet bioprinting is capa-
ble of dispensing and handling biological and polymer solutions in highly 

  Fig. 1.2    Graphene  forms  : fullerenes, carbon nanotubes, and graphite. Images are adapted from 
Geim et al. (2007)       
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controlled manner. There are two types of inkjet printing: thermal and piezoelectric 
(Fig.  1.3 ). Thermal inkjet  printers   electrically heat the print head to produce air-
pressure pulses which force droplets from the nozzle. Piezoelectric  inkjet   generates 
pulses by piezoelectric and forces printing materials from the nozzle (Zheng et al. 
 2011 ). The primary advantage  of   piezoelectric inkjet over thermal printer is that it 
can increase cell viability by eliminating heat.

   Many researchers have used inkjet bioprinting technologies in developing novel 
patterned scaffolds (Weng et al.  2012 ; Roth et al.  2004 ; Ilkhanizadeh et al.  2007 ; 
Zheng et al.  2011 ; Choi et al.  2011 ). For example, Turcu et al. have utilized a piezo- 
based microdispenser in conjunction with inkjet bioprinting to create a line pattern 
scaffold with resolution of 100 μm (Turcu et al.  2003 ) (Fig.  1.4a, b ). They used a 
commercially available polymeric matrix for laminin coating to increase adhesion 
and outgrowth of embryonic neurons (Fig.  1.4c, d ). Another study from Xu et al. 
successfully used commercially available inkjet technology to print primary embry-
onic hippocampal and cortical neurons in a controlled pattern (Xu et al.  2009 ). They 
showed that printed fi brin-based neural scaffolds are suitable for maintaining a cell- 
favorable microenvironment for neural cell adhesion. In addition, the results indi-
cated that cellular properties and functional fi delity of neurons after being ejected 
through the nozzles of a thermal inkjet printer were retained after the printing.

   Moreover, inkjet bioprinting has also provided a means for the incorporation of 
electrically conductive materials within neural scaffolds. Weng et al. have success-
fully used inkjet technology to print a conductive polymer composite  PPY  / collagen   
scaffold with incorporated electrical stimulation (Weng et al.  2012 ). In this study, 
   PPY  and   collagen were micro-structured on a polyarylate fi lm by inkjet printing for 
electrical stimulation of a spatially controlled system. The PPY/collagen track was 
illustrated to guide PC-12 adherence and growth, while electrical stimulation 
showed the ability to promote neurite outgrowth and orientation. In addition,  biomi-
metic materials   and ECM  proteins   could be printed on a traditional scaffolds’ sur-
face to obtain more cell-favorable features. Sanjana et al. revealed inkjet-printed 
collagen/poly- D -lysine (PDL) on a poly(ethylene) glycol surface can support rat 
hippocampal neurons and glial growth in defi ned patterns when compared to colla-
gen/PDL absent regions (Sanjana and Fuller  2004 ).     

  Fig. 1.3    ( a ) Diagram of the operation of  a   thermal  and   piezoelectric head in  inkjet bioprinting  . 
Image adapted from Murphy et al. (2014). ( b ,  c ) Scheme of customized piezoelectric head and the 
setup of the inkjet printer. Images are adapted from Turcu et al. ( 2003 )       

 

S.-J. Lee et al.



11

1.3.2     Stereolithography 

     Stereolithography (SL)         is a  laser-based printing system  , which was fi rst commer-
cially available in the late 1980s (Jacobs  1992 ). Figure  1.5a  shows a schematic 
diagram of SL printing. A typical SL apparatus consists of a build platform, UV 
laser source, and printing materials containing a photo initiator (Fig.  1.5a ). With the 

  Fig. 1.4    ( a ,  b ) Patterns of dots and lines made from vinyl acetate-ethylene copolymer using  inkjet 
printing  . ( c ,  d ) Examples of neurons cultured on ( b ) line pattern with laminin coating. All images 
are adapted from Turcu et al. ( 2003 )       
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aid of modeling software, a micro-macro size 3D construct is achieved using a 
layer-by-layer approach. Figure  1.5b, c  represents the  computer- aided design 
(CAD)   model of one square pattern scaffold and SL printed scaffold using previous 
CAD model, respectively.

   Several studies have fabricated tissue-engineered scaffold with various patterns 
particularly square and hexagonal, using SL printing technique (Skoog et al.  2013 ; 
Chan et al.  2010 ; Arcaute et al.  2006 ). For example, Arcaute et al. successfully used 
a commercial SL system to fabricate three-dimensional, multilayered, and multima-
terial  nerve guidance conduits (NGC)   (Arcaute et al.  2010 ) (Fig.  1.6a, b ). In their 
study, multiple material conduits were printed by varying the build solution during 
the layering process. Results demonstrated that SL is a promising technology for the 
fabrication of  bioactive   NGCs using  PEG hydrogels  . Since overall lengths of the 

  Fig. 1.5    ( a ) Overview of the process for fabricating structures using the  SL  .  ( b ) CAD model of 
one square pattern scaffold. ( c ) SL printed scaffold using previous CAD model.        
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NGCs were constrained by the ability of the conduit to self-support, further obser-
vations showed  that   NGCs having a multi-lumen design have better resistance to 
compression than a single-lumen design with an equivalent surface area (Arcaute 
et al.  2010 ).

   Hanson Shepherd, J.N. et al. created 3D microperiodic poly(2-hydroxyethyl 
methacrylate) (pHEMA) neural scaffolds via photolithography (Hanson Shepherd, 
J.N. et al. 2011). In the study, 3D  pHEMA      scaffolds of varying microperiodicity are 
patterned and cultured with primary rat hippocampal neurons. The development of 
primary rat hippocampal neurons on  this      3D scaffold was carefully monitored with 
confocal laser scanning microscopy. Their results showed that scaffold architecture 
can be controlled precisely and the structure infl uenced both, cell distribution and 
aligned extension of neurons (Fig.  1.7 ). In addition, Zorlutuna co-encapsulated hip-
pocampus neurons and skeletal muscle myoblast cells on 3D hydrogel matrix fabri-
cated by SL technique (Zorlutuna et al.  2011 ). The results showed that muscle cells 
spread extensively throughout the scaffold and formed tube-like structures, while 
neurons extended their processes throughout the hydrogel. Moreover, 3D coculture 
of these two cell types resulted in signifi cantly enhanced functionality of hippocam-
pus neurons, quantifi ed by their  choline acetyltransferase (ChAT) activity  . Their 
fi ndings show that SL system can precisely control spatial organization of cells and 
can be used for the fabrication of multicellular biological systems.

   Another promising method among SL techniques is Directed Mirror Device 
(DMD) SL  printing  . The DMD microfabrication system employs a dynamic mask 
for photopolymerization of an entire polymer layer simultaneously. Further, the 
DMD system provides fl exible manufacturing solution that allows to create patient- 
specifi c scaffolds. For example, Shalu Suri et al. fabricated micro- and macroarchi-
tecture scaffolds composed of HA exhibiting different geometries using  the   DMD 
technique (Suri et al. 2011). Their results showed that Schwann cells adhere and 
undergo normal spreading on laminin-coated HA scaffolds. In addition, they suc-
cessfully  used   DMD system to create two gradients of biomolecules running in 

  Fig. 1.6    ( a ,  b ) Multi-lumen PEG hydrogel conduit with fl uorescent particles having an outer 
diameter of 5 mm and an inner diameter of 3 mm ( left , isometric view;  right , top view) Images 
adapted from Arcaute et al. ( 2006 )       
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opposite direction on the hydrogel scaffolds. This might be benefi cial for neural cell 
adhesion and proliferation, as some studies have shown that cells can respond better 
to multiple bimolecular gradients (Chan et al.  2010 ). 

 In our lab, we have fabricated a novel 3D biomimetic scaffold, which has tun-
able porous structure, and embedded core-shell nanoparticles as a neurogenic fac-
tor delivery system using SL-based 3D printing and core-shell electrospraying 
 techniques. Our results indicated that scaffolds with higher porosity signifi cantly 
improve PC-12 neural cell adhesion compared to less porous scaffolds. 
Furthermore, scaffolds with embedded bovine serum albumin containing nanopar-
ticles showed an enhancement in cell proliferation relative to bare control scaf-
folds. In addition, confocal microscopy images illustrated that scaffolds with 
 nerve growth factor (NGF) nanoparticles      increased the length of neurites and 
directed neurite extension of PC-12 cells along the fi ber (Fig.  1.8 ). The results of 
this study demonstrate the potential of this 3D scaffold in improving neural cell 
function and nerve growth.   

  Fig. 1.7    ( a ,  b ) Confocal images of primary rat hippocampal cells distributed within  pHEMA scaf-
folds   of different porosity. ( c ,  d ) 3D confocal images of neuronal cell growth and spreading on the 
scaffolds. All images are adapted from Hanson Shepherd, J.N. et al. (2011)       
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1.3.3        Extrusion-Based Printing 

     Extrusion-based printing is         developed depending on the deposition of heated ther-
moplastics. Figure  1.9a  represents a fused deposition modeling based 3D printer. 
This strategy is capable of producing complex with highly interconnected porous 
structures. However, the melt process involves elevated temperature, which is not 
suitable for cell encapsulation. Therefore, extrusion-based printing is only ideal for 
fabricating cell-free scaffolds. Several researchers have applied melt extrusion 
methods to produce polymeric scaffold for neural tissue engineering applications 
(Widmer et al.  1998 ; Evans et al.  1999 ; Verreck et al.  2005 ). They have examined 
the effect of processing conditions with regard to the chemical- physical properties 
and biocompatibility of the processed polymeric material (Domingos et al.  2009 ).

   Widmer et al. described the use of melt extrusion as well as melt compression for 
the preparation of nerve guides made of  PLLA   and  PLGA   (Widmer et al.  1998 ) 
(Fig.  1.9b, c ). In addition to these melt processing techniques, they have combined 
leaching and casting methods to increase porosity of the nerve conduits. Optical 

  Fig. 1.8    Confocal microscopy images of PC-12 cell growth and spreading on 3D printed scaffold 
at day 7. ( a – c ) Double staining of MAP2 and TuJ1 to detect PC-12 differentiation on various scaf-
folds after 7 days of culture. Scale bar = 50 μm. NGF NP represents scaffold embedded with NGF 
nanoparticles.       

  Fig. 1.9    ( a ) Fused deposition modeling printer. ( b ,  c ) Optical micrographs and SEM image of a 
conduit fabricated from PLGA using a combined solvent casting and extrusion technique. Images 
are adapted from Widmer et al. ( 1998 )       
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micrographs and SEM images showed extensive pores which were roughly spheri-
cal in shape and evenly distributed throughout. Furthermore,  both   PLGA  and   PLLA 
conduits maintained their shape and did not collapse after degradation for 8 weeks. 
Then later study evaluated the number of axons per unit area and nerve fi ber density 
in the distal sciatic nerve for  the   PLLA conduit. The results confi rmed that  the 
  PLLA conduits fabricated by extrusion technique performed similar to the control 
isograft after 16 weeks of implantation (Evans et al.  1999 ). 

 Verreck et al. have further confi rmed the feasibility of melt extrusion techniques 
to prepare PGA/PCL nerve conduits. The purpose of their work was to optimize 
methods of incorporating sabeluzole, a nerve growth factor, into a biodegradable 
polymeric system as well as evaluate the physicochemical and release characteris-
tics of the drug-loaded nerve guides. The in vitro release measurements showed 
absence of crystalline sabeluzole, indicating the formation of an amorphous disper-
sion. In addition, authors demonstrated that the drug release is complete, reproduc-
ible, and can be controlled by the proper selection of the polymer. These fi ndings 
help to illustrate the potential of melt extrusion system as an easy fabrication method 
to produce biocompatible and bioresorbable nerve conduits.     

1.3.4     Bioplotting 

    3D bioplotting is another type of  nozzle-based printing   similar to extrusion printing. 
Landers and Mülhaupt introduced this 3D dispensing process in 2000 at the Freiburg 
Research Centre for the fi rst time (Landers and Mülhaupt  2000 ).  This         technique was 
specifi cally developed to produce scaffolds for soft tissue engineering purposes and 
to simplify hydrogel manufacturing. The three-dimensional construction of objects 
occurs in a laminar fashion by computer-aided deposition of materials on a surface. 
The dispensing head moves in three dimensions, while the fabrication platform 
remains stationary (Fig.  1.10 ). The biggest advantage of this technique is that it is 
applicable in various studies. Wang et al. used 3D-bioplotting techniques to con-
struct alginate/HA hydrogel scaffolds for nerve tissue repair (Wang et al.  2013 ) 
(Fig.  1.11 ). Their results showed that Schwann cells survived and grew on the algi-
nate/HA hydrogel scaffolds in vitro for 5 days. This provides a basis for continuing 
development of 3D bioplotter system for neural scaffold fabrication.

    In a more recent study, Shim et al. used a 3-D bioplotter to design and construct 
poly(caprolactone- co -lactide) (PCLA) and small intestine submucosa (SIS) con-
duits for peripheral nerve regeneration (Shim et al.  2015 ). After in vivo implanta-
tion, the results indicated that regenerated nerves grew from the SIS- and PCLA-NGC 
through the sciatic nerve-injured gap and connected from the proximal to distal 
direction along the nerve guiding conduit axis. This result indicates the feasibility 
of clinical nerve regeneration with PCLA-SIS nerve conduit prepared through bio-
plotter system using promising biomaterials.     
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1.3.5     Emerging Novel 3D Printing Technologies 

   In recent years, a group of researchers  at      University of North Carolina developed a 
novel 3D printing process called  continuous liquid interface production (CLIP)   
(Tumbleston et al.  2015 ). This technique uses photopolymerization to create smooth 
surface 3D objects with less than 100 μm resolution. Furthermore, unlike the tradi-
tional SL system which relies on layer by layer printing process,  CLIP   is continuous 
and can create objects up to 100 times faster than commercial 3D printings. In addi-
tion,  CLIP   process is compatible with producing 3D models from soft elastic mate-
rials as well as biological materials (Tumbleston et al.  2015 ). Considering these 

  Fig. 1.10    ( a ,  b ) Scheme of  3D-Bioplotter dispensing principle  . In the  3D-Bioplotter system  , the 
nozzle works pneumatically or via volume-driven injection. This also illustrates the principle of 
nozzle-based systems in general, where a nozzle is used for the deposition of material. Image is 
adapted from Billiet et al. (2012)       

  Fig. 1.11    An example of the multilayer scaffolds fabricated from 1.5 % alginate/0.75 % HA using 
 the   3D Bioplotter system. Image is adapted from Wang et al. ( 2013 )       
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advantageous features  of   CLIP, this new technology is very promising for use in 
neural tissue engineering. 

 Many current 3D bioprinting techniques exhibit diffi culty in achieving a nano 
resolution for fabricating nanostructured tissue constructs. As a well-established 
nanofabrication technique,  electrospinning   has been employed to produce nanofi -
brous scaffolds that closely mimic native ECM  for neural engineering     . A recent 
study conducted in our lab investigated the effects of a highly aligned fi brous neural 
scaffold  using   electrospinning in conjunction with electrosprayed growth factor- 
encapsulated nanoparticles (Zhu et al.  2015 ) (Fig.  1.12 ). However, the electrospin-
ning  techniques   often offer limited control over constructive geometry and porosity. 
To date, one interesting trend in the fi eld is to combine  the   electrospinning tech-
nique and 3D printing system to fabricate a novel tissue scaffold with both nano and 
well-designed micro architecture (Centola et al.  2010 ; Lee et al.  2015 ). For exam-
ple, Centola et al. have successfully combined electrospinning and FDM to fabri-
cate artifi cial vascular graft. Such scaffold showed better mechanical properties 
compared to electrospun graft and induced endothelial differentiation. This implies 
that nano size features of electrospun  fi ber   can improve the specifi city and accuracy 
of 3D printed scaffolds for a number of tissue engineering applications including 
fabrication of neural scaffold.  

  Fig. 1.12    SEM images of ( a ) an aligned electrospun neural scaffold fabricated in our lab; ( b ) 
random nanopores created on the surface of the electrospun fi bers via solvent evaporation; ( c ) 
electrosprayed core-shell nanospheres incorporated aligned scaffold; and ( d ) confocal images of 
axons extension along the direction of aligned fi bers ( red  represents the cell skeleton and axons)       
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1.4         Conclusion and Future Directions 

 Neural tissue engineering has successfully emerged as a promising fi eld to address 
current complications in nerve injuries. Natural, synthetic, and conductive polymers 
are currently being most popularly investigated for uses as neural scaffold materials. 
Surface modifi cation of scaffolds is also crucial to closely mimic the native ECM 
and to improve material biocompatibility. In addition, various 3D printing tech-
niques were discussed as a tool to customize neural scaffolds for particular cells of 
interest. Many reports have shown that 3D printed scaffolds have highly fl exible 
design and greatly enhanced neural cell functions, thus holding great promise for 
future neural regeneration applications. It is important to note that 3D printing is 
still in early phase for neural tissue regeneration. Currently, 3D printing is hindered 
by lack of available biomimetic materials as printing “inks” and advanced 3D print-
ing platform for improved nano resolution and cell viability. In order to fabricate an 
ideal neural scaffold, development of novel biomimetic materials and sophisticated 
3D printer is highly desirable.   
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  ECM    Extracellular matrix   
  EGF    Epidermal growth factor   
  En1    Engrailed homeobox 1   
  ERK    Extracellular signal-regulated kinases   
  ESCs    Embryonic stem cells   
  FGF-2    Fibroblast growth factor-2   
  GABAergic    Gamma-aminobutyric acid-ergic   
  GDNF    Glial cell line-derived neurotrophic factor   
  GFP    Green fl uorescent protein   
  hdpPSCs    Human decidua parietalis placental stem cells   
  HUVECs    Human umbilical vein endothelial cells   
  iPSCs    Induced pluripotent stem cells   
  Klf4    Kruppel-like factor 4   
  MAP2    Microtubule-associated protein 2   
  mm    Millimeters   
  MNPs    Magnetic nanoparticles   
  MSCs    Mesenchymal stem cells   
  NANOG    Nanog Homeobox   
  NGF    Nerve growth factor   
  nm    Nanometers   
  NPCs    Neural progenitor cells   
  NSCs    Neural stem cells   
  NT-3    Neurotrophin-3   
  Nurr1    Nuclear receptor related 1   
  Oct4    Octamer-binding transcription factor 4   
  OECs    Olfactory ensheathing cells   
  PBCA    Polybutylcyanoacrylate   
  PCL    Poly(ɛ-caprolactone)   
  PCLEEP    ε-Caprolactone and ethyl ethylene phosphate copolymer   
  PD    Parkinson’s disease   
  PEG    Polyethylene glycol   
  PEI    Polyethylenimine   
  PHT    Poly(3-hexylthiophene)   
  PLA    Poly(lactic acid)   
  PLGA    Poly( D , L -lactide-co-glycolide)   
  PLLA    Poly( L -lactic acid)   
  PNS    Peripheral nervous system   
  PPC    Poly(propylene carbonate)   
  PPE    Poly(phosphoester)   
  Ppy    Polypyrrol   
  PVA    Poly(vinyl alcohol)   
  RA    Retinoic acid   
  RGCs    Retinal ganglion cells   
  RhoG    Ras homology growth-related   
  RNA    Ribonucleic acid   
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  RPCs    Retinal progenitor cells   
  SCs    Stem cells   
  SF    Silk fi broin   
  SHEDs    Stem cells from human exfoliated deciduous teeth   
  siRNA    Small interfering RNA   
  Sox2    Sex determining region Y-box 2   
  TuJ1    Class III β-tubulin   
  VEGF    Vascular endothelial growth factor   
  Wnt1    Wingless-type MMTV integration site family, member 1   
  β-NGF    β-Nerve growth factor   
  β-TCP    β-Tricalcium phosphate   

2.1       Introduction 

 A fundamental issue in biology concerns how cells establish and maintain their 
identity during early embryogenesis. Gaining a better understanding of these rules 
is key to future development of experimental therapeutics and is an important foun-
dation of  tissue engineering   and regenerative medicine. With the successful isola-
tion of embryonic stem cells and the emergence of induced pluripotent stem cell 
technologies, it has become achievable to recapitulate developmental processes of 
early development. Furthermore, the advent of  cellular reprogramming   and  transdif-
ferentiation technologies   has made it possible to implement rational strategies to 
generate specifi c cell types in order to model neurodegenerative diseases and 
develop cell-based therapies for nervous system disorders. Moreover, with advances 
in  biomaterials   and in  3-D scaffold fabrication techniques  , it is becoming possible 
to mimic the neural stem cell niche. In this chapter, we provide an overview of 
approaches merging stem cells, polymeric scaffolds, drug delivery systems,  gene 
therapy  , cellular engineering, and  biomaterials   to develop experimental strategies 
for  neural   tissue engineering. Combined, these enabling technologies are likely to 
be benefi cial for development of therapeutic interventions for translation to the 
clinic. A summary of a number of current  clinical trials   is also presented at the end 
to illustrate how combination of these technologies is helping  nervous system   res-
cue and repair.  

2.2     Stem Cells 

   Multipotent stem cells   were fi rst identifi ed in the hematopoietic system, identifi ed 
by their ability to self-renew and differentiate into multiple cell types (Till and Mc 
 1961 ; Siminovitch et al.  1963 ).  Stem cells   undergo asymmetric cell division, in 
which progeny include one cell identical to the stem cell and another, unique cell 
type that undergoes differentiation. These properties are attractive to the fi eld of 
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regenerative biology, which seeks to replace cells lost to disease or damage. Stem 
cells from a variety of sources have been used in the fi eld of developmental neuro-
science as well as in search of therapeutic treatment for neurodegenerative diseases 
including Alzheimer’s and Parkinson’s, and damage such as that from stroke and 
traumatic brain injury. Stem cells are broadly categorized by their differentiation 
potential, from totipotent cells, which are able to recapitulate all cells in an organ-
ism, to multipotent cells, which differentiate into a limited number of cell types(s).  

2.2.1     Pluripotent Stem Cells 

   Pluripotent stem cells      create progeny that differentiate into cells from all three germ 
layers. Expression of the transcription factors Oct4, Sox2, and NANOG are indica-
tive of pluripotency (Chambers and Smith  2004 ; Chambers et al.  2003 ; Masui et al. 
 2007 ). Proof of cell pluripotency is evidenced by the formation of teratomas, tumors 
containing cells of ecto-, meso-, and endodermal origin, when injected into an ani-
mal model (Kleinsmith and Pierce  1964 ). Pluripotency is also confi rmed by the 
ability to generate chimeric mice, in which the original embryonic stem cells are 
successfully replaced by stem cells of another origin (Gardner  1968 ).  

2.2.1.1     Pluripotent Embryonic Stem Cells 

    Embryonic stem cells (ESCs)    were   fi rst isolated in 1966 from the inner cell mass of 
the blastocyst, a population of cells which gives rise to the embryo (Cole et al.  1966 ; 
Evans and Kaufman  1981 ). Implantation of mouse embryonic stem cells into blas-
tocysts of another strain generated chimeric mice, proving their pluripotency 
(Gardner  1968 ). The fi rst successful graft of ESCs was to the hematopoietic system, 
in which transplanted cells repopulated the bone marrow of irradiated mice 
(Hollands  1987 ). In 1998, Thomson and colleagues were the fi rst to derive ESCs 
from human blastocysts (Thomson et al.  1998 ). 

 Embryonic stem cells can be induced toward neuronal lineages through the 
application of  retinoic acid (RA)   (Bain et al.  1995 ; Mujtaba et al.  1999 ; Schuldiner 
et al.  2001 ). Additionally, ESCs proliferate in the presence of  basic fi broblast growth 
factor (bFGF)  , while withdrawal  of   bFGF promotes neural and glial differentiation 
(Okabe et al.  1996 ). After removal of self-renewing factors, human ESCs differenti-
ate naturally into neuroepithelia (Zhang et al.  2001 ). Glial precursor cells that 
develop into oligodendrocytes and astrocytes have also been derived from ESCs 
(Brüstle et al.  1999 ). Embryonic stem cells have been successfully differentiated 
into a number of neural types, including dopaminergic and serotonergic neurons 
(Lee et al.  2000 ), GABAergic neurons (Westmoreland et al.  2001 ), motor neurons 
(Wichterle et al.  2002 ), telencephalic neurons (Li et al.  2009 ), cholinergic neurons 
(Bissonnette et al.  2011 ), and cortical neurons (Gaspard et al.  2008 ). Embryonic 
stem cells have also been differentiated into cells of the eye (Fig.  2.1 ), including 
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retinal progenitors (Lamba et al.  2009 ; Meyer et al.  2009 ), photoreceptor precursors 
(Gonzalez-Cordero et al.  2013 ), and retinal pigment epithelial cells (Klimanskaya 
et al.  2004 ).

   Embryonic stem cells have been tested for their therapeutic application in numer-
ous neurodegenerative diseases and injuries; including Huntington’s, Alzheimer’s, 
and Parkinson’s disease, as well as spinal cord injury, traumatic brain injury and 
stroke, with varying success. In rodent models of  Parkinson’s disease  , transplanta-
tion of undifferentiated ESCs, dopaminergic precursor cells, and dopaminergic neu-
rons derived from ESCs recovered motor function (Bjorklund et al.  2002 ; Kim et al. 
 2002 ; Kriks et al.  2011 ; Yang et al.  2008 ). Implantation of ESCs has also improved 
behavioral defi cits in models of Huntington’s disease (Song et al.  2007 ). Rodent 
models of  Alzheimer’s disease   have shown cognitive improvement following trans-
plantation of ESC-derived neural stem cells in the cortex (Wang et al.  2006 ). 

  Fig. 2.1    Stem cell  hierarchy   and multipotency of neural and retinal stem cells. Pluripotent embry-
onic stem cells (ESC) are derived from the inner cell mass of a blastocyst (in humans the blastocyst 
stage is about 4–5 days post fertilization). Under appropriate culture conditions, the ESC can 
produce multipotent tissue specifi c stem cells from all three germ layers (ectoderm, mesoderm and 
endoderm). This illustration depicts the generation of differentiated cell types from multipotent 
neural and retinal stem cells. Multipotent neural stem cells generate the three major neural cell 
types present within the central nervous system (CNS): neurons, oligodendrocytes and astrocytes. 
Multipotent retinal stem cells produce the seven major cell types found within the vertebrate retina 
including: ganglion cells, horizontal cells, cone and rod photoreceptors, amacrine cells, bipolar 
cells, and Müller glial cells.  Arrows  curling back onto the same cell represent the ability for self- 
renewal, while  reversed arrows  represent possible reprogramming events       
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Embryonic stem cells and ESC-derived neural stem cells demonstrated functional 
engraftment in models of stroke (Daadi et al.  2008 ; Yanagisawa et al.  2006 ), as well. 
Implantation of ESC-derived GABAergic interneurons for treatment of epilepsy 
have also been positive, with reduced seizures and abnormal behavior in epileptic 
mice (Cunningham et al.  2014 ). Transplantation of ESC-derived retinal pigment 
epithelial cells to the eye has proved quite successful for the treatment of degenera-
tive eye diseases, with promising  clinical trials   for age-related macular degeneration 
and Stargardt’s macular dystrophy (Schwartz et al.  2012 ). 

 Embryonic stem cells have also been tested for  central nervous system (CNS) 
injury  . Undifferentiated ESCs, ES-derived motor neurons, and ESCs differentiated 
into neural progenitors improved motor function following transplantation in spinal 
cord injured mice (Bottai et al.  2010 ; McDonald et al.  1999 ; Deshpande et al.  2006 ; 
Marques et al.  2010 ). Neural and glial precursors differentiated from ESCs 
implanted following traumatic brain injury recovered sensorimotor function, but not 
cognitive function (Hoane et al.  2004 ). 

 While the  therapeutic use of ESCs   is promising, it comes with considerable ethi-
cal and political challenges. The isolation of ESCs causes the destruction of a human 
embryo. While many feel the potential benefi ts of human ES research outweigh 
these ethical objections it still remains a signifi cant moral dilemma. As such, it is 
essential that a critical analysis of these issues continue as policies are established 
to regulate this biomedical research.    

2.2.1.2     Induced Pluripotent Stem Cells 

   The ability to derive pluripotent stem cells from adult tissues has reduced many of the 
ethical barriers associated with stem cell research. Induced pluripotent stem  cells     , or 
iPSCs, are created by de-differentiating adult somatic cells such as skin fi broblasts  in 
vitro , allowing for direct transplantation or further re-differentiation into other cell 
types. Another  advantage of iPSCs   is the potential to generate patient- specifi c stem 
cells, reducing graft-host reactions. The fi rst evidence that somatic cells could be 
reverted to a pluripotent state was demonstrated by nuclear transfer in 1966, in which 
transplantation of adult intestinal nuclei into enucleated frog eggs resulted in the 
development of normal, fertile adult frogs (Gurdon and Uehlinger  1966 ). 

  Cellular reprogramming   to a pluripotent state can be initiated through three 
mechanisms: nuclear transfer, cell fusion, and transcription-factor transduction. 
 Somatic cell nuclear transfer   was successfully achieved in mice in 1998, utilizing 
enucleated oocytes rather than eggs (Wakayama et al.  1998 ). From a therapeutic 
standpoint, this approach has the appeal of the ability to generate patient specifi c- 
pluripotent stem cells that would be compatible for autologous transplantation 
(Fig.  2.2 ).  Nuclear fusion   is another way to generate pluripotent cells, through the 
fusion of one ES and one somatic cell. This technique has proven particularly useful 
for the study of regulatory mechanisms of pluripotency, in which regulators of 
pluripotency override those for differentiation (Tada et al.  2001 ). The method that 
has gained the most attention is transcription factor transduction, in which the 
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introduction of four transcription factors is suffi cient to induce a pluripotent state. 
These four factors, coined  as   the “Yamanaka factors,” include Oct4, Sox2, Klf4, and 
c-Myc and were established by S. Yamanaka and colleagues in 2006 and continue 
to play an important part in cellular therapies (Takahashi and Yamanaka  2006 ).

   Induced pluripotent stem cells have been differentiated into neural precursors 
(Zhou et al.  2010 ), oligodendrocyte precursors (Wang et al.  2013 ), dopaminergic 

  Fig. 2.2    Somatic cell  nuclear transfer   would provide a means to generate patient–specifi c pluripo-
tent cells that could then be used for disease research or therapeutics. Eggs are procured from 
consenting donors and the nucleus of the donor egg cell is removed. Somatic cells from the patient 
(such as skin cells, fat cells, or other differentiated cells) are isolated and the nucleus of a somatic 
cell is collected and then transferred into the enucleated donor egg. The egg, containing the somatic 
cell's nucleus, is stimulated to divide and develops in vitro into a blastocyst. At that point, the cells 
of the inner cell mass are isolated and grown as pluripotent stem cells. These pluripotent stem cells 
can then be differentiated toward neural lineages that may be used for treating the patient suffering 
from the neurological disorder       
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neurons (Kriks et al.  2011 ), cortical neurons (Shi et al.  2012 ), motor neurons 
(Karumbayaram et al.  2009 ; Chambers et al.  2009 ), and retinal cells (Hirami et al. 
 2009 ).  Neuronal differentiation from iPSCs   is commonly achieved through a com-
bination of embryoid body culture, retinoic acid application, and Sonic Hedgehog 
pathway agonists. Synthetic small molecules for neural differentiation are being 
used to alter these signaling pathways in order to promote differentiation into spe-
cifi c cell lineages (Skalova et al.  2015 ). 

 Neurons originating from iPSCs are currently being tested for their therapeutic 
applications. Induced pluripotent stem cell-derived dopaminergic neurons trans-
planted into animal models of  Parkinson’s disease   have resulted in improved func-
tional recovery (Kriks et al.  2011 ; Wernig et al.  2008 ). Oligodendrocyte precursors 
derived from iPSCs demonstrated functional improvement in congenital hypomy-
elination disorder (Wang et al.  2013 ). Additionally, animal models of multiple scle-
rosis have ameliorated clinical features following transplant of iPSC-derived neural 
precursors (Laterza et al.  2013 ). In  amyotrophic lateral sclerosis (ALS)  , implants of 
iPSC-derived neural stem cells improved neuromuscular function and signifi cantly 
increased life span (Nizzardo et al.  2014 ). Neural stem cells from iPSCs have also 
shown benefi ts for stroke (Yuan et al.  2013 ). Multiple studies of  spinal cord injury   
have seen functional improvement following transplant of iPSC-derived neural pre-
cursors. In a recent study, hindlimb locomotor recovery was observed following 
implantation (Romanyuk et al.  2015 ). 

 The development of neural cells from differentiated somatic cells is very time 
consuming, with several stages and incubation periods. Further, any remaining 
undifferentiated cells increase the risk of tumorigenesis. The direct induction of 
somatic cells to neural cells, skipping the pluripotent state, is now possible. Direct 
conversion typically proceeds by one of two protocols: the forced expression of 
genes for differentiated neurons, or a reprogramming to a partially pluripotent state 
followed by culture with the appropriate growth factors for neuronal differentiation 
(Matsui et al.  2014 ). Expandable neural stem cells have been directly converted 
from mouse fi broblasts through the constitutive activation of Sox2, Klf4, and c-Myc, 
and Oct4 (Thier et al.  2012 ). Differentiated neurons, astrocytes, and oligodendro-
cytes have also been directly converted from somatic cells. Of the neuronal sub-
types, dopaminergic neurons (Caiazzo et al.  2011 ; Pfi esterer et al.  2011 ), motor 
neurons (Son et al.  2011 ), cholinergic neurons (Liu et al.  2013 ), and peripheral sen-
sory neurons (Blanchard et al.  2015 ) have been directly induced from mouse and 
human fi broblasts. Induced dopaminergic neurons were able to functionally inte-
grate and ameliorate symptoms in a mouse model of Parkinson’s disease (Kim et al. 
 2011a ). 

 While ESCs and iPSCs retain many similarities in differentiation potential, it 
cannot be concluded that the two cell types are identical at the molecular level. 
Induced pluripotent stem cells generated by transcription factor-based reprogram-
ming maintain residual epigenetic signatures from their somatic origins, which 
must be “reset” (Kim et al.  2010 ). Additionally, some iPSC lines are closer than 
others to ESCs in terms of gene expression (Ghosh et al.  2010 ). Comparison of gene 
expression profi les between iPSCs and ESCs revealed that unique microRNA 

E.J. Sandquist et al.



33

expression is observed in iPSCs, implicating differences regulatory control (Chin 
et al.  2009 ; Wilson et al.  2009 ). The impacts of the differences between ES and 
iPSCs are seen in cloned animals generated from somatic cell nuclear transfer. 
These animals often suffer from incomplete epigenetic reprogramming and perma-
nent genetic changes occurring during development or the reprogramming process, 
demonstrating that much is yet to be understood about  cellular reprogramming   
(Wilmut et al.  2002 ). While the formation of chimeric animals is the defi nitive test 
of pluripotency, a small percentage of iPSCs generate strong chimeras relative to 
ESCs, and even fewer produce viable animals through tetraploid complementation 
(Zhao et al.  2009 ). Further, iPSC-derived chimeric mice are prone to cancer due to 
the expression of the transgene c-Myc during reprogramming (Okita et al.  2007 ), 
and teratocarcinomas formed from iPSCs are more aggressive than those from 
ESCs (Gutierrez-Aranda et al.  2010 ). 

 Pluripotent stem cells are an ideal source for cell replacement in a variety of 
diseases; however, the pluripotent nature of the cells makes them prone to tumor 
formation following transplant. For example, undifferentiated ESCs and iPSCs 
transplanted into ischemic mouse brains as a model of stroke did not migrate and 
differentiate into neurons, but formed teratomas and highly malignant teratocarci-
nomas (Erdo et al.  2003 ; Kawai et al.  2010 ). Embryonic stem cell-derived neural 
progenitor cells have also proven tumorigenic, particularly after syngeneic trans-
plantation (Erdo et al.  2003 ). In a mouse model of  Alzheimer’s disease  , transplanta-
tion of ESCs also resulted in  teratocarcinoma formation   (Wang et al.  2006 ). As 
such, it has been recommended that pluripotent stem cells and neural progenitors be 
predifferentiated and the remaining pluripotent cells removed prior to transplanta-
tion (Wernig et al.  2008 ; Erdo et al.  2003 ; Dihne et al.  2006 ; Doi et al.  2012 ; 
Brederlau et al.  2006 ). Reprogramming of somatic cells into iPSCs must also be 
performed with caution, as viral delivery of transgenes has a high risk of mutagen-
esis and tumorigenicity. Alternative strategies with lower risk for tumor formation 
include excision systems such as cre-lox, or use of non-integrating delivery systems 
including episomal vectors, plasmid DNA, or the use of specifi c proteins (Lee- Kubli 
and Lu  2015 ).     

2.2.2     Multipotent Stem Cells for Neural Repair Strategies 

   Multipotent  stem cells     , also known as  somatic stem cells  , have the capacity for self- 
renewal and possess the ability to develop into multiple specialized cell types. 
However, unlike pluripotent stem cells, they possess a limited differentiation capac-
ity, giving rise to a restricted range of cells within a specifi c tissue. Multipotent stem 
cells are found in juvenile and adult animals and have been isolated from many 
organs and tissues, including brain, retina, bone marrow, peripheral blood, blood 
vessels, skeletal muscle, skin, teeth, heart, gut, liver, adipose tissue, and testis (Fig. 
 2.3 ). They are thought to reside in a specifi c area of each tissue referred to as a “stem 
cell niche.” Multipotent stem cells from a variety of tissues have been used for 
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neural repair strategies with varying degrees of success. In some cases the use of 
adult stem cells is considered less controversial and also has the potential advantage 
for autologous transplantation, thus minimizing immune rejection complications.  

2.2.2.1       Neural Stem Cells 

    Neural stem cells (NSCs) have  been         proposed as a unique source of transplantable 
multipotent cells to replace damaged and diseased neurons and glia in the CNS and 
peripheral nervous system (PNS). They are defi ned by their ability to differentiate 

  Fig. 2.3    Adult  stem cells   (also called somatic stem cells) are naturally present throughout the 
body and have been identifi ed in a number of different tissues and organs. They are self-renewing 
and typically reside in a specialized region of the tissue often referred to as a “stem cell niche.” 
They can differentiate yielding some, or all the specifi c cell types within a particular tissue (e.g., 
tissue specifi c adult stem cells). In general, the function of adult stem cells is to maintain and repair 
the tissue in which they reside. This illustration depicts different tissue sources in which adult stem 
cells have thus far been isolated. In some cases, cellular reprogramming or transdifferentiation 
experiments have demonstrated that certain adult stem cells have differentiated into cell types 
other than those of their predicted lineal relationship       
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into cells of all neural lineages (e.g., neurons, oligodendroglia, and astroglia); to 
self-renew (to give rise to new NSCs with similar potential); to populate the devel-
oping and/or degenerating nervous system and have been isolated from the develop-
ing and adult  nervous system   (Fig.  2.1 ). In addition, they have also been produced 
in vitro by differentiation of pluripotent stem cells (ESCs and iPSCs) toward a neu-
roepithelial fate. Under defi ned conditions, NSCs can generate a complement of 
more specialized cells found within specifi c regions of the CNS, PNS, as well as the 
retina. While, NSC transplants have been proposed as a method of neurorepair and 
replacement, it is important to note that studies examining the transplantation of 
“neural stem cells,” are often grafting mixed populations of cells, some of which 
may be “true” neural stem cells, but that also contain cells that are at a more dif-
ferentiated state. These cells are best-termed neural progenitor cells or precursor 
cells (Klassen et al.  2004 ). 

 Neural stem cells and  neural progenitor cells (NPCs)   possess a number of char-
acteristics that make them ideal vectors for brain rescue and repair. Novel therapeu-
tic strategies are being developed to take advantage of the ability of NPCs to 
proliferate in culture and survive following transplantation into the nervous system, 
where they may integrate and stably express foreign genes, or repopulate the dam-
aged or diseased nervous system. They can be clonally expanded in culture, provid-
ing a renewable supply of distinct cellular populations for transplantation. In 
addition, they may be genetically modifi ed for expression of exogenous genes 
encoding  neurotrophic factors  , neurotransmitters, or enzymes that may provide  neu-
roprotection   and facilitate regeneration. Thus,    NPCs are capable of functionally 
integrating into host neural circuitry and/or may serve as cellular sources for deliv-
ery of trophic, or other factors to facilitate cell survival  and   neuroprotection, as well 
as stimulate regenerative events. Neural progenitor cells have been isolated from 
various regions of the  nervous system  , including the hippocampus, subventricular 
zone, cerebellum, olfactory bulbs, spinal cord, retina as well as neural crest (Temple 
 2001 ), and in vitro studies show that they can adopt a variety of cellular fates. The 
discovery  of   NPCs in the adult brain as well as retina has encouraged research into 
their role during neurogenesis in the normal mature nervous system and following 
traumatic injury. Gaining a more thorough understanding of adult neurogenesis can 
contribute greatly to our knowledge of neurodegenerative diseases and their 
treatments.     

2.2.2.2     Non-neural Adult Stem Cells 

     Experimental strategies for  cellular            therapy in the CNS consist primarily of heter-
ologous transplantation. Although the CNS (and the retina) are immunologically 
privileged sites, immune rejection of heterologous cell transplants remains an 
important consideration that may limit the routine use of NPCs (or retinal progeni-
tors) for transplantation. Furthermore, the use of immunosuppressive drugs (e.g., 
cyclosporine) is a major constraint associated with transplantations and may com-
promise the effectiveness of the transplanted cells. Thus,  autologous transplantation   
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is widely viewed as the model of choice for cellular therapy. Furthermore, depend-
ing on the source of cells, if derived from embryonic stem cells or fetal- derived 
tissue moral and ethical objections may be present. As such, a number of other cell 
populations are also being considered for cell-based therapies for nervous system 
disorders. 

 In this section, we describe the potential of alternative sources of somatic stem 
cells, including mesenchymal stem cells, umbilical cord (blood) stem cells, adipose 
stem cells, and dental pulp stem cells, sources that normally do not generate neural 
cell types. However, these non-neural adult stem cell populations in some cases 
appear to be capable of inducing endogenous neurogenesis. In addition to the neu-
rogenic infl uence, these cell types may also have trophic effects that exert neuropro-
tective benefi ts when used to treat neurodegenerative conditions. 

 Mesenchymal stem cells (MSCs) derived and expanded from different sources of 
connective tissue (e.g., bone marrow, adipose tissue, placenta, umbilical cord blood) 
hold considerable potential for cell-based therapeutics in the  nervous system     . In 
addition to their self-renewal capacity, these multipotent stem cells also display 
paracrine activity having the capacity to secrete bioactive molecules capable of 
 stimulating   neuroprotection and reducing infl ammation (reviewed in Liang et al. 
 2012 ). Their differentiation can be induced by multiple factors within their micro-
environment including biological, chemical, and physical cues. A number of studies 
suggest that adult bone marrow-derived mesenchymal stem cells (MSCs) possess 
the ability to transdifferentiate into neuronal-like cells (Fig.  2.4 ) (Prockop et al. 
 2000 ; Tomita et al.  2002 ; Woodbury et al.  2000 ). However, this potentially extraor-
dinary ability to generate neural lineages is not without controversy. Other studies 
suggest some of these fi ndings may be due to cell fusion events (Terada et al.  2002 ) 
or a type of injury/stress response. Nevertheless, the multipotent nature of MSCs 
and their lack of ethical constraints for their isolation and derivation make them 
attractive candidates for cell-based therapies using autologous transplantation.

   In a number of animal models,  transplantation of MSCs   has been used to treat 
CNS disease, cerebral ischemia, traumatic brain injury, retinal degeneration, spinal 
cord injury, and peripheral nerve damage. Numerous benefi ts have been reported 
including promotion of axonal regeneration, reduced lesion size, enhanced neuronal 
survival, and improved functional outcomes (Harper et al.  2011 ; Johnson et al. 
 2010 ; Kocsis  2009 ; Kurozumi et al.  2005 ; Li and Chopp  2009 ; Sasaki et al.  2009 ; 
Zhao et al.  2002 ; Zheng et al.  2010 ). Genetically engineered MSCs are commonly 
used in therapies for CNS diseases (see cellular reprogramming below) in order to 
increase cell survival and integration into various brain regions. Although MSCs 
offer considerable hope for treatment of neurodegenerative conditions, there are still 
challenges to overcome before their widespread clinical application. 

  Adipose-derived stem cells (ADSCs)   are also a potential therapeutic option for 
neural repair strategies.  Multipotent   ADSCs have the capacity to differentiate into 
adipocytes, osteoblasts, chondrocytes, and muscle cells (Zuk et al.  2002 ). In addi-
tion, they are an easily obtained, self-renewing, and rapidly expanding cell popula-
tion. A number of studies have demonstrated  that   ADSCs can be induced to 
differentiate into neural progenitor cells using neuronal induction techniques that 
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  Fig. 2.4    Differentiation potential of multipotent  mesenchymal stem cells (MSCs)  . In addition, 
MSCs can also be transdifferentiated or reprogrammed toward neural fates including neurons and 
glial cells (astrocytes, oligodendrocytes, and Schwann cells)       
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include using specifi c factors in order to promote cells to a neuronal lineage. These 
and other studies have found that induced and  transdifferentiated   ADSCs can 
express a variety of neuronal markers including Nestin, NeuN, TuJ1, MAP2, as well 
as the glial markers, glial fi brillary acidic protein (GFAP) and CNPase (Safford 
et al.  2002 ; Jang et al.  2010 ). When studying ADSCs for transplantation, it was 
found that injecting  the   ADSCs into the brain promoted increased movement and 
cognitive function in aged animals, as well as levels of the neurotransmitter acetyl-
choline, in various parts of the brain (Park et al.  2013 ). Furthermore,    ADSCs have 
been used as targeted therapies for Parkinson’s disease; when ADSCs were injected 
into Parkinson’s disease model mice, it was found that dopaminergic neurons were 
more likely to survive and exhibited lower behavioral problems than mice without 
the transplantation (Choi et al.  2015 ). Other studies have also  used   ADSCs to facili-
tate peripheral nerve injury repair. Implantation of ADSCs or of Schwann-like cells 
transdifferentiated  from   ADSCs within nerve regeneration  conduits   has resulted in 
enhanced nerve regeneration (Lopatina et al.  2011 ; Shen et al.  2012 ). 

  Dental pulp stem cells (DPSCs)   are self-renewing and reside within the perivas-
cular niche of the dental pulp. They appear to originate from the cranial neural crest 
and possess MSC-like properties, differentiating into adipocytes, chondrocytes, 
osteoblasts as well as endothelial cells under appropriate conditions. In humans, 
unlike other sources of MSCs, isolation of this population of maturing/adult stem 
cells is noninvasive as they can be routinely isolated from discarded wisdom teeth 
and human exfoliated deciduous teeth (SHEDs). In addition to their ability to gener-
ate mesodermal lineages, through induction methods, DPSCs can be directed toward 
a neural lineage, generating neuronal and glial/Schwann-like cells (Arthur et al. 
 2008 ; Martens et al.  2014 ). Human DPSCs have recently been induced toward 
dopaminergic neuronal phenotypes and have been transplanted into a rat model of 
Parkinson’s disease. Results showed that certain factors including  epidermal growth 
factor (EGF)   and bFGF help convert SHED stem cells to an induced cell state with 
the addition  of   neurotrophic factors. Overall, studies have shown that using DPSCs 
can aid  in   neuroprotection of Parkinson’s disease. Sakai and colleagues showed that 
human DPSCs transplanted into the transected spinal cord in adult rats produced a 
marked recovery of locomotor function in hind limbs (Sakai et al.  2012 ). In con-
trast, human bone-derived MSCs or skin fi broblasts produced substantially less 
recovery of locomotor function. In this study, the  DPSCs   appear to have inhibited 
apoptosis of endogenous neural cells within the damaged area and promoted regen-
eration of transected axons likely due to paracrine mechanisms. 

 The hair follicle within mammalian skin harbors a population of multipotent 
stem cells known as  dermal papilla (DP) stem cells   (Hunt et al.  2008 ). These stem 
cells can be obtained less invasively and can be isolated from the hair follicle. 
Dermal papilla stem cells have the ability to differentiate into various lineages 
including smooth muscle, fi broblasts, osteoblasts, neurons or glial, and adipocytes 
(Driskell et al.  2011 ). Induced pluripotent stem cells have been derived using DP 
stem cells along with the use of two transcription factors, Oct4 and Klf4 with high 
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effi ciency (Tsai et al.  2010 ). Their ability to form spheres further enhances their 
differentiation into neuronal and glial cell types (Hunt et al.  2008 ). Hair follicle 
 pluripotent stem cells   have been generated and studied  in vitro  for their ability to 
differentiate into neuronal and glial lineages. In addition, these cells were trans-
planted into the severed sciatic nerve of the mouse, where they differentiated into 
Schwann-like cells and promoted nerve regeneration (Amoh et al.  2009 ). 

  Olfactory ensheathing cells (OECs)   are a source of multipotent stem cells that 
can be derived from the olfactory bulb of the forebrain and the olfactory mucosa. 
Studies characterizing OECs have demonstrated their capacity to  secrete   neuro-
trophic factors including brain-derived neurotrophic factor (BDNF) and nerve 
growth factor (NGF) along with ECM molecules like fi bronectin, making them a 
potential source for neural repair strategies. These phenotypic properties are similar 
to those of Schwann cells and as such, OECs have been utilized for peripheral nerve 
repair. Co-culture  of   OECs derived from the olfactory bulb and the olfactory mucosa 
showed positive effects on axonal regrowth in a peripheral nerve lesion model 
(Guerout et al.  2011 ). Additionally, co-culture of bone marrow stromal cells  with 
  OECs increased neural differentiation  in vitro  (Ni et al.  2010 ). In some studies, NSC 
transplants into the brain as a method of cellular therapy display minimal survival 
of the grafted cells. However, OECs have been shown to increase the survival of 
NSCs when co-implanted into Parkinson’s mice (Shukla et al.  2009 ). Overall,    OECs 
have a synergistic effect when transplanted with other heterologous sources of stem 
cells, in part likely due to their ability to secrete trophic factors. 

 Human cord blood-derived multipotent stem cells have also been identifi ed to 
express characteristics of embryonic stem cells. By using these stem cells and treat-
ing with all-trans retinoic acid, they were found to express pertinent proteins that are 
found in dopaminergic neurons, Nurr1, Wnt1, and En1 (Li et al.  2012a ). These 
results show that human cord blood-derived multipotent stem cells have the poten-
tial to differentiate into neuronal cells, and can be specifi cally targeted for 
Parkinson’s disease therapy. 

 Haile and colleagues have investigated the use of  human umbilical vein endothe-
lial cells (HUVECs)   and their potential to differentiate into neurons and astrocytes 
by utilizing a direct differentiation protocol (Haile et al.  2015 ).  HUVECs   were con-
verted to an iPSC state and then later differentiated into cells of the CNS through the 
use of lentiviral vectors, encoding Lin28, c-Myc, Klf4, NANOG, Sox2, and Oct4. 
This type of strategy may help improve the development of new drugs and cellular- 
based therapies for neurodegenerative diseases including Parkinson’s disease, 
Alzheimer’s disease, and Huntington’s disease. 

 Adult somatic stem cells remain an important class of stem cells for further 
investigation. In general, these cell types possess a number of signifi cant advantages 
with respect to technical (isolation procedures), ethical (embryonic/fetal/adult), and 
immunological (autologous grafting) issues concerning cell transplantation strate-
gies for neurological disorders. However, the mechanism/s through which they pro-
mote functional recovery remain to be defi nitively elucidated.      
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2.2.2.3     Cellular Reprogramming Strategies 

    The discovery of the ability  to         generate iPSCs produced considerable excitement in 
the fi elds of developmental biology and regenerative medicine (Takahashi and 
Yamanaka  2006 ; Takahashi et al.  2007 ). However, the technology is not without 
limitations. The reprogramming technology is sometimes ineffi cient and often very 
time intensive. In addition, the pluripotent state can result in genetic instability and 
tumorigenesis when these cells are implanted in animal models. As such, there is a 
critical need to develop alternative (or complementary) approaches toward cellular 
reprogramming. 

   Direct Conversion Using Transcription Factors or Small Molecules 

    During normal  embryonic         development cellular differentiation processes are guided 
by an assortment of specifi c extracellular soluble factors such as gradients of chemi-
cal cues and cell-to-cell contact signals that ultimately lead to induction and activa-
tion of specifi c combinations of lineage-determining transcription factor pathways. 
An emerging research frontier of epigenetic reprogramming employs small mole-
cules from key developmental pathways and cell differentiation factors to directly 
convert somatic cells from one fate/lineage to another (Zhang et al.  2012 ). 

 These strategies usually fi rst subject the somatic cells to conditions known to 
enhance reversion toward a more “primitive” state by making the cells more suscep-
tible to cell-fate changes, a process often referred to  as   transdifferentiation (Tursun 
et al.  2011 ). In addition to gene delivery techniques, compounds such as valproic 
acid or other histone deacetylase inhibitors are known to enhance this reprogram-
ming process. Next, potent neural inducing signals are generally used to drive the 
cells toward proliferating neural progenitor cells, and fi nally inducing them toward 
specifi c neural cell fates. In this strategy, the selection of small molecules is usually 
guided by developmental signaling molecules known to be involved in generation 
of the particular cells. This gene-free approach was recently used to generate 
induced Schwann cells from neonatal human foreskin fi broblasts that may poten-
tially be used to treat severe peripheral nerve injuries (Thoma et al.  2014 ). 

 Recently, the direct conversion of somatic cells to neural stem/progenitor cells 
has been demonstrated using viral delivery of transcription factors (Thier et al. 
 2012 ; Han et al.  2012 ). Fibroblasts have been directly reprogrammed into induced 
neural stem cells through the insertion of genes for reprogramming factors such as 
Oct4 and NANOG (Hockemeyer et al.  2008 ). With these factors, fi broblasts were 
converted to a partially reprogrammed state with the potential to further differenti-
ate into various neural cell types. Studies have also shown that a single reprogram-
ming factor,  Oct4  , is able to reprogram human neural stem cells into a pluripotent 
stage (Kim et al.  2009 ). The use of small molecules or fusion protein transduction 
over genetic manipulation reduces the risks of genetic instability and tumor forma-
tion. As such, there are some genetic material-free approaches that have success-
fully resulted in induced neurons and neural progenitor cells. In such studies the 
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forced growth of somatic cells within 3-D microenvironments has resulted in a more 
direct pathway to reprogramming (Kulangara et al.  2014 ; Su et al.  2013 ).     

   Ex Vivo Gene Therapy Approaches for Neuroprotection 

   Perhaps an even more powerful strategy toward brain repair comprises a multi- 
factorial approach addressing a number of important issues, including optimization 
of survival and function of remaining neural elements and modulation of trophic (as 
well as inhibitory/repellent) infl uences in order to promote neuroregeneration. 
Neurotrophic/growth factors have emerged as promising candidates to augment 
neurorepair.  Neurotrophic   factors are essential for neuronal development and plas-
ticity, and also can prevent cellular atrophy, enhance neuronal survival, and facili-
tate axon regeneration in the developing and adult nervous system. A cell-based 
approach for neuroprotection is to genetically engineer stem cells as delivery vehi-
cles  for   neurotrophic factors. Ex vivo gene transfer to NSCs, MSCs, Schwann cells, 
fi broblasts, OECs, as well as other somatic cells prior to transplantation holds prom-
ise as cellular platforms for delivery of therapeutic factors. A number of viral vec-
tors are available for ex vivo gene delivery, including, adeno-associated viral, 
adenoviral, retroviral, and lentiviral vectors, each with their own advantages and 
disadvantages (reviewed in Hendriks et al.  2004 ). Cao and colleagues used OECs 
that were genetically modifi ed to secrete glial cell line-derived neurotrophic factor 
(GDNF) in order to facilitate spinal cord repair through regeneration of axons (Cao 
et al.  2004 ). A strategy to target Huntington’s disease (HD) employed genetically 
engineered MSCs. In this study, BDNF was genetically overexpressed in MSCs that 
were then transplanted into the striatum of HD model mice. Findings showed that 
those mice that were injected with BDNF-engineered MSCs had a decrease in 
behavioral symptoms typically associated with HD (Dey et al.  2010 ). Furthermore, 
Harper and colleagues used neurotrophic factor-engineered MSCs to deliver a con-
stant, low level of BDNF and demonstrated that this approach had potential for 
functional and structural neuroprotection in chronic ocular hypertension, an experi-
mental model used for glaucoma (Harper et al.  2011 ). 

 Genetically engineered cells have also been used to promote dopaminergic neu-
ron survival through the use of GDNF (Behrstock et al.  2006 ) as well as using fi bro-
blasts engineered to secrete BDNF (Frim et al.  1994 ) also enhanced the survival of 
retinal ganglion cells (RGCs) (Castillo et al.  1994 ). Mesenchymal stem cells were 
also genetically modifi ed to express the neurotrophic factor BDNF to support neu-
roprotection in a retinal cell line (RGC-5) when exposed to toxic cellular stressors 
such as glutamate or hydrogen peroxide (Harper et al.  2009 ). An important step in 
implementing cell-based delivery of neuroprotective compounds is to determine the 
health of the engineered cells. Employing cellular image-based high content screen-
ing is a powerful approach to rapidly assess multiple cell parameters (Sharma et al. 
 2015 ). Promising results with potential therapeutic relevance have been obtained by 
cellular reprogramming and by genetic modifi cation of cells to secrete neurotrophic 
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factors; combining biomaterials to develop bio-mimetic strategies can lead to fur-
ther advancement in regenerative therapies. 

 Stem cell research provides  a      powerful approach to gain a more thorough under-
standing of the molecular mechanisms of gene regulation and cell fate determina-
tion in normal, as well as in diseased states (Fig.  2.5 ). In addition, specifi c cell types 
differentiated from pluripotent or multipotent stem cells are proving to be useful as 
models for understanding the biology of diseases, for drug discovery, and for toxi-
cological bioassays. This is particularly signifi cant, where there may be no animal 
models for the disease under study and for preclinical testing. An especially promis-
ing area is cell-based transplantation therapies, whereby stem cells can be used to 
generate specifi c cell types in order to replace those cells compromised by disease 
or injury (Fig.  2.5 ). Coupling these approaches with biocompatible nano/microma-
terials will be an especially powerful tactic for development and implementation of 
experimental strategies for  neural   tissue engineering and therapeutics (Fig.  2.6 ).     

  Fig. 2.5    Stem cell  research  . Recent advances in stem cell biology have revolutionized research 
opportunities in drug discovery. The ability to isolate and generate stem cell and somatic cell lines 
associated with specifi c diseases is providing effective in vitro models for pre-clinical testing. 
Stem cell research is also providing powerful tools to help decipher the molecular mechanisms of 
gene regulation and development. Another important goal of stem cell research is to elucidate the 
pathways for generating specifi c cell types that can be used for cell transplantation to treat a variety 
of degenerative diseases and injuries       
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  Fig. 2.6    Overview of approaches merging stem cells, polymeric scaffolds, drug delivery systems, 
gene therapy, cellular engineering, and biomaterials to develop experimental strategies for neural 
tissue engineering and repair       
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2.3            3-D Scaffolds for Neural Tissue Engineering 

   Polymeric materials fabricated from  natural      and synthetic polymers have been suc-
cessfully used in the recent past for fabrication of biomimetic 3-D scaffolding envi-
ronments analogous to the  extracellular matrix (ECM)   microenvironment and tissue 
architecture that support the growth and differentiation of native and transplanted 
cells. Before using a material for development of a 3- D -scaffold, various properties 
of the polymers are important to take into consideration such as biodegradability, 
biocompatibility, biological activity, mechanical properties, surface chemistry, 
cytotoxicity, and growth factor binding capabilities (Dhandayuthapani et al.  2011 ; 
Sell et al.  2010 ; Zhu and Marchant  2011 ; Kumbar et al.  2014 ). 

  Biodegradable synthetic materials   with controllable degradation rates, surface, 
mechanical, and structural properties have been favored for neural regeneration 
applications. The adjustable features of synthetic materials make them promising 
candidates to design 3-D scaffolds that overcome challenges in neural regeneration 
such as biocompatibility, mimicking of the ECM, appropriate immunomodulation 
response and fast degradation (Cunha et al.  2011 ; Elliott Donaghue et al.  2014 ; 
GhoshMitra et al.  2012 ). Synthetic material-based 3-D scaffolds possessing particu-
lar features can be produced in various sizes ranging from nano to microscales using 
different techniques such as  electrospinning  ,  self-assembly  , and phase separation 
among others. Several synthetic material-based scaffolds have been used for neural 
tissue engineering applications composed of poly(glycolic acid) (PGA) (Keeley 
et al.  1991 ), poly(lactic acid) (PLA) (Corey et al.  2007 ), poly( L -lactic acid) (PLLA) 
(Patel et al.  2007 ; Yang et al.  2005a ), or of a blend of the above such as poly( L -lactic 
acid)-caprolactone (PLLA-PCL) (Ghasemi-Mobarakeh et al.  2008 ; Schnell et al. 
 2007 ) and poly( D , L -lactide-co-glycolide) with poly(ɛcaprolactone) (PLGA/PCL) 
(Panseri et al.  2008 ). However, a number of potential drawbacks to the use of syn-
thetic materials include insuffi cient similarity to the ECM and possible release of 
cytotoxic chemicals upon degradation, which have raised concerns and resulted in 
efforts to identify other biodegradable, biocompatible, and nontoxic natural materi-
als as alternatives (Table  2.1 ).

    Natural polymers      are readily available and can be processed and extracted from 
naturally occurring sources. Most commonly used natural polymers for tissue engi-
neering and regenerative medicine are polysaccharides, various ECM molecules, 
polypeptides, proteins, and DNA (Dhandayuthapani et al.  2011 ; Ko et al.  2010 ; 
Yoon and Fisher  2009 ).  Natural      polymers such as collagen, fi bronectin, laminin, 
chitosan, heparin, dextran, alginate, albumin, hyaluronic acid, and gelatin have been 
used for preparing scaffolds sizing from nanometers to several centimeters, which 
can be applied to diverse applications such as tissue engineering, cell encapsulation, 
cell differentiation, gene delivery, and drug delivery (Dang and Leong  2006 ; 
Abraham et al.  2009 ; Chai and Leong  2007 ; Liechty et al.  2010 ; Gasperini et al. 
 2014 ; de Vos et al.  2014 ). Throughout this section, we provide an overview of the 
application of synthetic and natural material-based scaffolds with varying nano- and 
microstructures in neural regeneration strategies.   
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2.3.1     Nano/Microparticle Systems 

    Very small particles ranging in  size         from one nm to a few microns are classifi ed in 
the category of nano/microparticle systems (Marti et al.  2013 ; Mallapragada et al. 
 2015 ; Auffan et al.  2009 ; Soppimath et al.  2001 ; He et al.  2010 ). The main differ-
ence in the properties of nano/microparticles compared to their bulk counterparts is 
due to their high surface area to volume ratio. These particulate systems capable of 
delivering and releasing therapeutic molecules and drugs have revolutionized the 
area of drug delivery. Before the advent of such sub-micron delivery vehicles, 
researchers working on controlled release devices had to address various limitations 
such as rapid degradation of the drug after injection, drug clearance time, cytotoxic-
ity caused by drug injected in bulk amounts, and targeting specifi c regions of the 
body (Kohane  2007 ; Kumar  2000 ; Gaharwar et al.  2013 ; Zimmer and Kreuter 
 1995 ). Polymers, both natural and synthetic, have been used for fabrication of poly-
meric nano/microparticles for drug release due to their numerous advantages includ-
ing improved stability of the drugs, high drug encapsulation capacity, less toxicity, 
fewer number of drug administration time points, ability to incorporate both hydro-
phobic and hydrophilic drugs, sustained release of drugs, cellular uptake potential, 
and ability to cross the  blood–brain barrier (BBB)   (Gelperina et al.  2005 ; De Jong 
and Borm  2008 ; Singh and Lillard  2009 ). Drug encapsulated  biodegradable nano/
microparticles   are capable of overcoming many biomedical challenges and have 
been extensively used for drug and gene delivery, stem cell differentiation, imaging 
of live cells, and also for encapsulating genetically engineered live cells for release 
of therapeutic proteins (Mudshinge et al.  2011 ; Norizadeh-Abbariki et al.  2014 ; 
Brustle et al.  2015 ; Ilie et al.  2012 ; Lee et al.  2012 ; Wang et al.  2009 ). 

 The site-specifi c and effi cient delivery of  neurotropic agents   aimed at targeting 
neurodegenerative conditions including injuries to the nervous system can be 
achieved by manipulating the properties of the particles such as size, surface charge, 
and chemistry. Several classes of  biodegradable polymers     , including polyalkyl cya-
noacrylates, polyanhydrides, polyesters, etc., with varying modifi ed surface chem-
istry, degradation, and sustained payload release profi les have been used for neural 
tissue engineering (GhoshMitra et al.  2012 ; Cho and Ben Borgens  2012 ; 
Mallapragada et al.  2015 ). 

  Polybutylcyanoacrylate (PBCA) nanoparticles      coated with surfactant polysor-
bate 80 have been shown to provide signifi cant transport of therapeutics across the 
 blood–brain barrier   (Kreuter  2013 ; Graff and Pollack  2005 ). These particles have 
been loaded with various active compounds including hexapeptide dalargin (Kreuter 
et al.  1997 ), doxorubicin (Gulyaev et al.  1999 ; Steiniger et al.  2004 ), loperamide 
(Alyautdin et al.  1997 ), and tubocurarine (Alyautdin et al.  1998 ) in order to over-
come the BBB and provide effi cient release properties. Recently, the potential use 
of  PBCA      nanoparticles in neurons and neuron-like PC12 cells has been evaluated 
by Hasadsri and coworkers demonstrating the differentiation of PC12 cells after 
exposure through intracellular delivery to  PBCA      nanoparticles loaded with the 
small guanine nucleotide triphosphatase RhoG (Hasadsri et al.  2009 ). Although 
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promising, the premature release of therapeutics from the surface of  PBCA      nanopar-
ticles restricts the degradation dependency and obstruct the controlled release prop-
erties. To our knowledge, the performance of PBCA-based particles have not yet 
been evaluated for axon regeneration in different types of neurons (Ghosh Mitra 
et al.  2012 ; Mallapragada et al.  2015 ). 

 Biocompatible  polyanhydrides   are another class of degradable material with 
drug delivery potential, and have been used in the CNS for treatment of Alzheimer’s 
disease (Wu et al.  1994 ; Howard et al.  1989 ) and brain cancer (Brem et al.  1989 ; 
Jampel et al.  1991 ; Lesniak et al.  2005 ). The drug release from loaded polyanhy-
dride particles was controlled through surface or bulk erosion depending on the type 
of chemistry (Tamada and Langer  1993 ; Gao et al.  1998 ; Torres et al.  2006 ; Chavez- 
Santoscoy et al.  2012 ; Burkersroda et al.  2002 ). Although the surface erosion prop-
erty is the most signifi cant advantage of  polyanhydrides  , their susceptibility to 
hydrolytic degradation is the main drawback limiting their translational potential 
(Burkersroda et al.  2002 ). 

 Considering the constraints of the previously mentioned synthetic polymer- 
based particles, the degradable polyesters, such as poly(lactic acid) (PLA) and 
poly(lactic-co-glycolic acid) (PLGA), have been extensively used for nerve tissue 
engineering applications due to their low toxicity and rapid degradation into metab-
olites (Gunatillake and Adhikari  2003 ). Although these polymers undergo bulk ero-
sion (Tamada and Langer  1993 ; Burkersroda et al.  2002 ) causing burst and rapid 
drug release (Wang et al.  2004 ; Kashi et al.  2012 ; Musumeci et al.  2006 ), the ero-
sion rate and, hence, the drug release can be easily controlled by backbone chemis-
try (Wang et al.  2004 ; Musumeci et al.  2006 ), molecular weight (Kashi et al.  2012 ; 
Musumeci et al.  2006 ), and hydrophobic surface coating (Budhian et al.  2008 ). In 
addition, they can be easily copolymerized with PCL, which possesses mechanical 
strength and slow degradation rate, in order to manipulate the payload release and 
polymer degradation (Ghasemi-Mobarakeh et al.  2008 ; Schnell et al.  2007 ; Panseri 
et al.  2008 ). 

 A number of studies have investigated delivery of neurotrophic growth factors 
including NGF and GDNF-encapsulated PLGA microparticles as a therapeutic 
approach for Alzheimer's, Parkinson’s disease, and retinal degeneration (Garbayo 
et al.  2009 ; Andrieu-Soler et al.  2005 ; Jollivet et al.  2004a ,  b ; Péan et al.  2000 ; 
Grozdanic et al.  2010 ; Kyhn et al.  2009 ). Exposure to  NGF   or  GDNF   microparticles 
resulted in functional improvements and tissue regeneration as a result of high burst 
release followed by long-term sustained release. However, the use of high concen-
trations of surfactants to disperse the microparticles was a disadvantage of their 
system. Poly-lactic co-glycolic acid nano/microparticles have also been studied for 
CNS regeneration. For example,  sonic hedgehog (SHH)-encapsulated PLGA mic-
roparticles   were shown to promote both axonal growth and functional improvement 
after spinal cord injury (Lowry et al.  2012 ). Another study indicated that GDNF 
encapsulated PLGA  nanoparticles   of 20 nm size were transported by axons and 
induced the growth of neuronal fi bers and promoted functional improvement, 
whereas 100 nm nanoparticles remained at the injection site (Wang et al.  2008 ). 
Johnson and coworkers co-lyophilized  NGF   with  polyethylene glycol (PEG)   and 
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encapsulated them in PLGA microspheres to retain NGF activity and control the 
release rate. The results suggested that PEG can act both as a pore-forming agent 
to control release and as a stabilizer for the retention of NGF activity (Johnson 
et al.  2008 ). 

 In addition to  various   neurotrophic factors, the regulation of gene expression 
using small interfering RNA (siRNA) can be an alternative approach toward neural 
regeneration therapies. For this purpose, Liang and colleagues developed siRNA- 
loaded polyethylene glycol-polyethyleneimine (PEG-PEI)-based nanospheres and 
demonstrated the potential of this system for neural regeneration therapy (Liang 
et al.  2012 ). Additionally, RA-loaded  nanoparticles      using PEI complexed with RA 
and dextran sulfate through electrostatic interactions were used for controlling the 
differentiation of subventricular zone NSCs (Santos et al.  2012 ). A similar strategy 
was used for controlling mobilization and migration of human NSCs by using hepa-
tocyte growth factor and leukemia inhibitory factor-loaded PLGA nanoparticles (Li 
et al.  2012b ). 

 Magnetic nanoparticles ( MNPs)      can also be used to induce directed neurite out-
growth by applying an external magnetic fi eld. To enhance intracellular uptake and 
improve targeting and effi cacy for neural regeneration applications, these nanopar-
ticles have been surface modifi ed with various polymers (Aqil et al.  2008 ; Herrera 
et al.  2008 ; Rubio-Retama et al.  2007 ; Bakandritsos et al.  2010 ; Lutz et al.  2006 ; Hu 
et al.  2006 ). In the work of Kim et al., PEG-coated and NGF-loaded iron oxide 
nanoparticles were used to enhance neurite growth in PC12 cells. The results dem-
onstrated the synergetic effect of NGF and iron oxide nanoparticles enhanced neu-
rite outgrowth in PC12 cells at low NGF concentrations (Kim et al.  2011b ). Riggio 
et al. designed iron oxide magnetic nanoparticles coated by PLL as magnetic actua-
tors for neural guidance, demonstrating enhanced nerve regeneration and guidance 
for regenerating axons in the human neuroblastoma SH-SY5Y cell line and primary 
Schwann cell cultures of the peripheral nervous system (Riggio et al.  2012 ). 
Similarly, Calatayud et al. developed PEI-coated MNPs to investigate their effect on 
neuronal-like models such as PC12 or  SH-SY5Y cell lines   (Calatayud et al.  2013 ). 
In addition to the above-mentioned materials, surface-modifi ed quantum dots have 
also been used in targeting neurons to investigate specifi c neurophysiological pro-
cesses (Dahan et al.  2003 ), labeling of neurons and glia (Pathak et al.  2006 ), neurite 
outgrowth, and neuronal differentiation (Vu et al.  2005 ). 

 The incorporation of micro/nanoparticles within a polymer scaffold or hydrogel 
has been employed as a combined strategy allowing for better localization, sus-
tained release, and slower clearance in vivo. Burdick et al. designed a combined 
system by dispersing neurotrophin-3 (NT-3)-loaded PLGA microparticles and 
 ciliary- neurotrophic factor (CNTF)   in a photopolymerized PLA-PEG-PLA hydro-
gel. The simultaneous in vitro release results indicated rapid release  of   CNTF from 
the hydrogel matrix and extended release of NT-3 from the macroparticles, leading 
to signifi cant neurite outgrowth from retinal explants (Burdick et al.  2006 ). In a 
similar way, Lampe et al. used BDNF- and GDNF-loaded PLGA microparticles and 
incorporated them into the PLA-PEG-PLA hydrogel for the treatment of Parkinson’s 
disease.  GDNF-loaded microparticles   were used to promote the survival of 
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 transplanted NSCs, while the BDNF-loaded microparticles were selected to stimu-
late neurite outgrowth. In these rat models, BDNF was detected for up to 56 days, 
whereas GDNF was completely released within 28 days indicating the potential of 
this microparticle/hydrogel system in the delivery of neurotrophic factors (Lampe 
et al.  2011 ). Besides  the   neurotrophic factors, the delivery of both hydrophobic and 
hydrophilic drugs to the CNS via blend of hyaluronan and methylcellulose (HAMC) 
coupled with PLGA micro/nanoparticles has been investigated in various studies 
(Kang et al.  2013 ; Caicco et al.  2013 ; Stanwick et al.  2012a ,  b ). 

 Although the combined strategies mentioned above may involve challenges for 
CNS regeneration such as the maintenance of biomolecule activity and the delivery 
of an effective dose, this strategy is also preferable for the PNS. For instance, De 
Boer et al. developed NGF- and GDNF-encapsulated PLGA/ poly(vinyl alcohol) 
(PVA) microspheres through a double emulsion solvent evaporation technique. 
They subsequently distributed these particles in a PLGA conduit matrix to facilitate 
peripheral nerve regeneration in a rat sciatic nerve gap model. The results showed 
that histomorphometric values reached their maximum by 6 weeks due to the 
booster effect of NGF- and GDNF-loaded microspheres (de Boer et al.  2012 ). Xu 
et al. developed NGF-loaded poly(phosphoester) (PPE) microspheres dispersed into 
silicone or  PPE   conduits to provide prolonged, site-specifi c NGF delivery to bridge 
a 10 mm gap in a rat sciatic nerve model for peripheral nerve regeneration. The 
results indicated a long-term effect of NGF on morphological regeneration of 
peripheral nerves (Xu et al.  2003 ). Yang et al. used NGF blended or encapsulated 
PLGA microspheres with a porogen to  develop   conduits by gas foaming. The 
release was controlled for 42 days by manipulating the method of incorporation and 
polymer molecular weight. The released NGF enhanced neurite outgrowth from 
primary dorsal root ganglia (DRG) (Yang et al.  2005b ). Others have designed an 
NGF encapsulated mesoporous silica nanoparticle (MSN) delivery system incorpo-
rated in electroactive polypyrrol (Ppy) conductive polymer fi lm to enhance axon 
extension through the synergetic effect of both controlled NGF release and electri-
cal stimuli in PC12 cells (Cho et al.  2009 ). 

 Co-delivery of cells and growth factors in immobilized or encapsulated form 
with scaffolds or particles has been proposed as a promising strategy for neural 
regeneration. Wang et al. reported that the direct immobilization of GDNF to a 
fi brous PCL scaffold increased neuronal differentiation of NPCs upon transplanta-
tion into the rat brain compared to cells delivered alone, while the presence of 
immobilized GDNF increased neurite outgrowth compared to PCL alone (Wang 
et al.  2012 ). In addition, the encapsulation of growth factors into microparticles and 
coating of particles with ECM proteins, such as fi bronectin or laminin, to promote 
cell adsorption has also been used for sustained release and delivery. In this context, 
Bible et al. demonstrated that fi bronectin-coated vascular endothelial growth factor 
(VEGF)-encapsulated PLGA particles improved the particle adhesion of human 
NPCs. These particles, transplanted into the stroke-injured brain, enabled dual func-
tionality in that the VEGF was able to promote vascularization into the graft site and 
the formation of primary neurovascular networks (Bible et al.  2012 ). Similarly, 
Delcroix et al. coated NT-3-encapsulated PLGA microspheres with laminin and 
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poly- D -lysine in order to deliver MSCs into hemi-Parkinsonian rats. Following the 
transplantation, MSCs delivered in PLGA particles in the presence of NT-3 increased 
MSC survival and rats showed signifi cant behavioral improvements (Delcroix et al. 
 2011 ). 

 The possible drawbacks of  synthetic materials   such as the lack of ECM mimick-
ing and possible release of cytotoxic degradation byproducts have driven the explo-
ration of using biodegradable, biocompatible, and noncytotoxic natural polymers 
alone, or in combination with synthetic materials for neural regeneration applica-
tions. Accordingly, microparticles composed of collagen binding peptide fused 
with GDNF encapsulated in a PLGA shell promoted differentiation of NPCs into 
MAP2- expressing mature neurons (Gujral et al.  2013 ). Yao et al. ( 2013 ) differenti-
ated oligodendrocyte progenitor cells on collagen microspheres and showed that 
these differentiated cells were capable of myelinating dorsal root ganglion cells in 
culture. In another study, collagen-based high capacity hollow microspheres  pre-
pared by a template method to encapsulate NGF, resulting in highly crosslinked 
collagen particles that released NGF for a prolonged time period (Kraskiewicz 
et al.  2013 ). Such microspheres showed bioactivity in PC12 and DRG cell culture 
and could be directly used for injection at the site of nerve injuries to stimulate 
regeneration. 

  Fibroblast growth factor-2 (FGF-2)   bound to heparin crosslinked with chitosan 
microspheres improved the growth and survivability of neural stem cell line 
GFP+RG3.6 as compared to normal culture conditions (Skop et al.  2013 ). These 
chitosan spheres were used as a growth factor delivery device to facilitate survival 
of native or transplanted neural stem cells. Zeng et al. ( 2014 ) showed that NGF- 
loaded chitosan microspheres, along with collagen-chitosan scaffolds having longi-
tudinal channels, produced better outcomes in a 1.5 cm long sciatic nerve repair 
model as compared to just collagen-chitosan scaffolds. Thus concluding that sus-
tained delivery of NGF from chitosan microspheres enhances the nerve regenera-
tion process (Zeng et al.  2014 ). Chitosan  nanoparticles      improved the functional 
outcome (nerve impulse transmission) in a crushed adult guinea pig spinal cord as 
compared to control silica particles when injected subcutaneously in the nape of the 
neck of within 30 min following spinal cord injury (Chen et al.  2013 ). 

 Many groups have also shown that alginate microspheres can be used as an 
effective 3-D structure for survival, growth, proliferation, and even differentiation 
of NSCs (Li et al.  2006 ; Lin et al.  2012 ; Meli et al.  2014 ). Such micron-sized 
NSC- encapsulated alginate beads can be injected at the site of nerve injury. 
Alginate microparticles with a magnetite core and encapsulated NGF have been 
designed to deliver NGF are hypothesized as an effective therapeutic device for 
enhancing nerve regeneration (Ciofani et al.  2009 ). Acidic gelatin microspheres 
containing FGF-2 were transplanted inside a silicone tube to treat a one mm long 
facial nerve transection injury model and demonstrated a signifi cantly improved 
rate of nerve regeneration and also the number of matured axons (Matsumine 
et al.  2014 ).     
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2.3.2     Nano/Microfi ber Scaffolds 

    Synthetic or natural fi bers  with         dimensions from a few nm to microns in diameter 
are classifi ed as nano/microfi bers. Nano/microfi bers have high surface area to vol-
ume ratio aiding in the fabrication of scaffolds that not only mimic the normal tissue 
architecture, but also increases cell adhesion, migration, and even differentiation 
(Huang et al.  2003 ; Vasita and Katti  2006 ; Zhang et al.  2005 ). The most common 
methods for fabrication of nano/microfi bers  are   electrospinning (Huang et al.  2003 ; 
Li and Xia  2004 ; Subbiah et al.  2005 ), self-assembly (Rolandi and Rolandi  2014 ; 
Salmon et al.  2005 ; Hartgerink et al.  2001 ) and phase separation (Fashandi et al. 
 2015 ; Zhao et al.  2011 ). 

 Synthetic polymer-based aligned electrospun nano/microfi bers (such as PLLA, 
PLGA, PCL etc.) have been extensively used to direct neural regeneration. Yang 
and colleagues produced aligned PLLA nano–microfi brous scaffolds through  an 
  electrospinning technique for use with NSCs. The results indicated that the aligned 
 nanofi bers   improved neurite outgrowth without affecting cell orientation and 
enhanced NSC differentiation as compared to a microsized counterpart regardless 
of the effect of fi ber alignment (Yang et al.  2005a ). Leach et al. used highly aligned 
electrospun PLLA nanofi bers to achieve directed outgrowth of sensory and motor 
neurons (Leach et al.  2011 ). In a similar way, Subramanian et al. used uniaxially 
aligned electrospun PLGA nanofi brous scaffolds to orient the direction of Schwann 
cells (Subramanian et al.  2011 ), while Wang and coworkers used poly(propylene 
carbonate)-based electrospun-aligned nanofi brous scaffolds to demonstrate neurite 
outgrowth and Schwann cell migration (Wang et al.  2011 ). Similarly, Chew and 
colleagues observed that Schwann cells elongated and aligned along the axes of the 
electrospun PCL fi bers through contact guidance (Chew et al.  2008 ). Kador et al. 
( 2013 ) prepared a biodegradable electrospun PLA scaffold to axially direct the 
growth of RGCs and showed that this scaffold can be used as an effective cell 
delivery vehicle for transplanting ganglion cells in order to form the nerve fi ber 
layer (Kador et al.  2013 ). A number of other studies have investigated the effect of 
different aligned electrospun polymeric fi brous materials such as poly(methyl meth-
acrylate), poly(ethersulfone), polypyrrole (PPy)/poly(styrene-b-isobutylene-b-sty-
rene), and PCL/PLGA, on the directed growth of different nerve cells (Li et al. 
 2015 ; Liu et al.  2010a ; Ren et al.  2013 ; Xia et al.  2014 ). 

 Besides the advantages of directed growth and alignment, the nano/microfi bers 
can be loaded with neurotrophic factors to promote neural regeneration. With this 
idea, Chew et al. encapsulated β-nerve growth factor (β-NGF) in ε-caprolactone and 
ethyl ethylene phosphate copolymer (PCLEEP)-based electrospun nanofi bers. The 
synergistic effect of sustained β-NGF release and alignment of nanofi bers were 
observed on neurite outgrowth from PC12 cells (Chew et al.  2005 ). Liu et al. devel-
oped novel NGF-encapsulated core shell nanofi ber composite P(LLA-CL)/ NGF 
  conduits with favorable mechanical properties and biocompatibility effectively 
enhancing sciatic nerve regeneration in rats (Liu et al.  2011 ). Zhang et al. showed 
the signifi cant effi ciency of NGF-encapsulated aligned silk fi broin 
(SF)/P(LLA-CL)-blended nanofi bers in promoting peripheral nerve regeneration to 
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demonstrate the combined use of natural and synthetic polymers (Zhang et al. 
 2014 ). As an alternative to direct incorporation of the neurotrophic agents to the 
fi ber matrix, the covalent attachment of the active agents to the fi ber structure has 
also been investigated. Through this approach, diffusion induced drug loss can be 
prevented, achieving controlled and sustained release. Patel et al. conjugated bFGF 
and laminin onto PLLA nanofi bers through 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride, N-hydroxysulfosuccinimide and heparin click chemistry. 
With this system, they managed to achieve signifi cant neurite extension by using 
small amounts of bFGF without activity loss during the synthesis (Patel et al.  2007 ). 
In the work of Lam et al., bFGF and EGF were attached to the nanofi brous PLLA 
conduits through heparin conjugation, thus signifi cantly promoting axon growth as 
compared to its counterparts in which bFGF and EGF were loaded by physical 
adsorption (Lam et al.  2010 ).  Besides   neurotrophic factors, the use of laminin 
chemically attached or physically encapsulated in aligned electrospun 
nano/ microfi brous   conduits has gained attention due to its ability to facilitate regen-
eration speed and functional recovery (Junka et al.  2013 ; Neal et al.  2012 ). 

 The use of electrically conductive  nano/microfi bers      for neural regeneration has 
been proposed as another strategy. Prabhakaran et al. developed conductive nanofi -
bers by blending PLLA and polyaniline, enhancing neurite outgrowth of NSCs 
through applied electrical fi elds (Prabhakaran et al.  2011 ). With a similar strategy, 
Subramanian et al. produced electrically conductive PLGA/ poly(3-hexylthiophene) 
nanofi bers showing signifi cant infl uence on adhesion and proliferation of Schwann 
cells under an electrical fi eld (Subramanian et al.  2012 ). In contrast to the above 
mentioned approaches, Lee and coworkers coated PLGA electrospun nanofi bers 
with polypyrrole to form electrically conductive nanoscaffolds enhancing the dif-
ferentiation of PC12 cells with electrical fi eld stimuli (Lee et al.  2009 ). 

 Some studies have also incorporated naturally existing materials to develop 
nano/microfi brous platforms for nerve regeneration. Liu et al. used a novel cross-
linking method to prepare rose bengal photoinitiated-acetic acid electrospun  colla-
gen nanofi bers     , demonstrating that the neural stem cell line C17.2 can grow and 
proliferate on these fi bers for about 7 days before reaching confl uence (Liu et al. 
 2010b ). Also, these neural stem cells showed signifi cant cellular processes indicat-
ing neurite outgrowth. In another study by Zhu and coworkers, in order to improve 
the mechanical properties of collagen fi bers such as tensile strength and elasticity, 
silk protein was incorporated while fabricating electrospun aligned collagen-silk 
composite microfi bers (Zhu et al.  2014 ). Human decidua parietalis placental stem 
 cells   (hdpPSCs) developed long processes while growing on these fi bers and also 
showed positive immunostaining for β-III-tubulin and Nestin suggesting  that 
  hdpPSCs differentiated into neural-like cells under these growth conditions. 
 Collagen      nanofi bers were also shown to increase the maturation of synapses in spi-
nal cord-derived NSCs by the mitogen-activated protein kinase/extracellular 
signaling- regulated kinase MAPK/ERK1/2 pathway (Yin et al.  2014 ). Spinal cord 
NSCs differentiated into neurons on these random, as well as aligned  collagen 
     nanofi bers at a higher percentage as compared to collagen-coated controls (Yin 
et al.  2014 ). In a comparative study,  3-D chitosan nanofi bers      produced higher pro-
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liferation and differentiation of PC12 cells and human NSCs predominantly to neu-
rons as compared to 2-D chitosan substrates showing that a 3-D environment may 
infl uence the growth properties of NSCs and thus can be effectively used for neural 
tissue engineering (Du et al.  2014 ). Gelain et al. attached several cell adhesion, dif-
ferentiation, and homing motifs to a self-assembling peptide RADA16 
(Ac-RADARADARADARADA-COHN2) to obtain 3- D      nanofi ber scaffolds that 
were found to be comparative to Matrigel in terms of NSC adhesion and differentia-
tion (Gelain et al.  2006 ). β-Tricalcium phosphate (β-TCP) immobilized on a chito-
san nanofi ber mesh tube and polarized to store electric charge improved the 
immunofl uorescence, axon density, and axon area as compared to non-polarized 
tubes and was found to be comparable to an isograft in a rat sciatic nerve defect 
model, suggesting that charged β-TCP immobilized chitosan nanofi ber mesh tubes 
can be used as an effective tool for nerve regeneration (Wang et al.  2010 ).     

2.3.3     Other Types of Scaffolds 

   Various types of  3-D scaffolds and      combination therapies other than nanoparticles 
and nanofi bers are also being used for neural tissue engineering, including fi lms, 
nanotubes, gels, and porous materials (Spivey et al.  2012 ; McCreedy and Sakiyama- 
Elbert  2012 ). For instance, polymer-based porous fi lms physically or chemically 
loaded with neurotrophic factors with surface gradients and surface nano/micropat-
terning have been used as conduits for neural regeneration (Tang et al.  2013 ; Kim 
et al.  2015 ). The different types of scaffolds bearing surface nano/micropatterning 
have also been shown to provide topographic guidance cues to create regenerative 
platforms for cells (Roberts et al.  2014 ; Ho et al.  2015 ; McMurtrey  2014 ; Houchin- 
Ray et al.  2007 ; Rutkowski et al.  2004 ). Miller and coworkers (Miller et al.  2001a , 
 b ) prepared biodegradable micropatterned poly( D , L -lactic acid) fi lms using solvent 
casting and showed that such fi lms are capable of enhancing the alignment of 
Schwann cells, indirectly increasing neurite length and orientation of DRG cells 
growing along with the aligned Schwann cells. Micropatterned polystyrene fi lms 
prepared using a similar method were used to promote alignment of rat type-1 astro-
cytes (Recknor et al.  2004 ) and were also shown to enhance orientation and selec-
tively differentiate adult hippocampal progenitor cells to a neuronal fate when 
co-cultured with astrocytes (Recknor et al.  2006 ; Oh et al.  2009 ). Similarly,  micropa-
tterned fi lms   fabricated from PLA supported the oriented growth and transdifferen-
tiation of MSCs toward a Schwann cell fate (Sharma et al.  2016 ). Qi et al. showed 
that linear and circular micropatterns signifi cantly enhanced NSC differentiation to 
neurons via the MAPK/ERK signaling pathway (Qi et al.  2013 ). Coupling stem 
cells and cellular reprogramming, along with scaffolds (i.e., nerve regeneration con-
duits) is a signifi cant strategy to facilitate nerve regeneration (Fig.  2.7 ).

   Synthetic and natural-based polymer scaffolds may lack the required properties 
of neural regeneration applications such as appropriate tensile strength and  electrical 
conductivity. In this case,  carbon nanotubes (CNTs)   can provide conductive proper-
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ties along with mechanical and tensile scaffold enhancements. A number of studies 
have shown that multi or single  wall   CNTs chemically functionalized with various 
polymers or bioactive molecules can improve neural regeneration activities 
 including neurite branching, outgrowth, attachment of growth cones, and cell dif-

  Fig. 2.7     Nerve regeneration strategy   employing stem cells and nerve regeneration conduits. 
Reprogramming bone marrow-derived stem cells into Schwann-like cells is an important approach 
for peripheral nerve regeneration. Coupling stem cells and cellular reprogramming with scaffolds 
(i.e., nerve regeneration conduits) is likely to provide a powerful approach to facilitate nerve 
regeneration       
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ferentiation through the release  of   neurotrophic factors, electrical fi eld stimuli, sur-
face micropatterning, or layer by layer assembly (Tran et al.  2009 ; Huang et al. 
 2012 ; Fabbro et al.  2013 ; Hopley et al.  2014 ; Bosi et al.  2013 ,  2014 ). 

 Integrating hydrogels  with scaffolds      has also shown promise in neuroregenera-
tive studies. Labrador et al. used silicone tubes fi lled with collagen or laminin gel 
to repair 4–6 mm gaps in a mouse sciatic nerve transection injury model and found 
that lower concentrations of collagen and laminin gels provided better functional 
outcomes as compared to higher concentration gels and the saline control (Labrador 
et al.  1998 ).  Laminin gels   promoted slightly better functional recovery than colla-
gen gels. In another study, biodegradable collagen tubes were fi lled with a magneti-
cally aligned collagen type I gel and non-aligned gels as control (Ceballos et al. 
 1999 ). It was found that magnetically aligned gels supported regenerated axon 
growth to the distal end in four out of four mice as compared to just one out of six 
mice in the control, non-aligned collagen gels. Choi and coworkers used a vein 
graft fi lled with collagen gel to bridge a 15 mm rabbit peroneal nerve defect injury 
and found that the number of myelinated fi bers was signifi cantly greater than the 
control vein transplanted rabbits at weeks 4, 8, and 12, suggesting that collagen is 
an effective matrix to fi ll tubes that support neural regeneration (Choi et al.  2005 ). 
In a similar fashion, several studies used fi brin gels (Nakayama et al.  2007a ,  b ; 
Wood et al.  2013 ; Sakiyama et al.  1999 ; Lee et al.  2014 ; Schense et al.  2000 ) or 
chitosan gels (Ishikawa et al.  2007 ; Ishikawa et al.  2009 ) for fi lling tubes/conduits 
along with other regenerative cues and showed that fi brin gels promoted nerve 
regeneration. 

 In addition to the use of porous scaffolds to promote exchange of nutrients and 
waste products, cells may be transplanted within scaffolds to promote cell survival. 
Using blends of PLA and PLGA, 3-D scaffolds were prepared with pores normal to 
the plane of the scaffold. These scaffolds enhanced the orientation and upregulated 
markers of differentiation in  retinal progenitor cells (RPCs)   growing inside the 
pores of the scaffold demonstrating that such scaffolds can be used for enhancing 
the differentiation of RPCs into photoreceptor-like cells and also can be transplanted 
into the sub-retinal space (Lavik et al.  2005 ). PLLA/PLGA polymer composite 
grafts prepared by a modifi ed solid–liquid-phase separation technique (Tomita et al. 
 2005 ) and microfabricated poly(glycerol-sebacate) scaffolds (Neeley et al.  2008 ; 
Redenti et al.  2009 ) using a replica molding technique were also prepared as RPC 
delivery devices for transplantation into the sub-retinal space. Recently, human 
stem cell-derived neural tissue constructs that included vascular networks and 
microglia were produced by combining precursor cell-types on synthetic hydrogels 
(Schwartz et al.  2015 ). Other types of 3-D scaffolds for neural tissue engineering 
have also been prepared by using methods such as inkjet printing (Xu et al.  2006 ), 
microarray printing (Meli et al.  2014 ), microstereolithography (Pateman et al. 
 2015 ), 3-D hydrogels (Nisbet et al.  2008 ; Suri and Schmidt  2010 ; Stabenfeldt et al. 
 2006 ; Crompton et al.  2007 ), multiphoton polymerization (Melissinaki et al.  2011 ), 
and freeze drying (Yang et al.  2004 ; Kang et al.  1999 ; Flynn et al.  2003 ; Suzuki 
et al.  1999 ).     

2 Stem Cells, Bioengineering, and 3-D Scaffolds for Nervous System Repair…



64

2.4     Stem Cell-Based Approaches Coupled 
with Bioengineering for Translational Applications 

    Numerous   clinical trials  employing      bioengineering strategies are underway for the 
treatment of spinal cord injury. One study is currently in the recruitment phase for 
autologous transplantation of NSCs for traumatic spinal cord injury (NCT0232666) 
(Federal Research Clinical Center of Federal Medical & Biological Agency  2015 ). 
The cells are transplanted with RMx Biomatrix, a biocompatible matrix containing 
neural stem cells derived from the patient’s own bone marrow stem cells. Conducted 
by the Federal Research Clinical Center of Federal Medical and Biological Agency, 
Russia, in collaboration with the Novagenesis Foundation and Ophiuchus 
Technologies, the goal is to expand the cell replacement technique to other diseases 
including Primary Progressive Multiple Sclerosis, ALS, and traumatic brain injury. 
Another company, InVivo Therapeutics, is recruiting participants to test the safety 
and feasibility of its  Neuro-Spinal Scaffold, a PLGA  poly- L -lysine scaffold for the 
treatment of complete thoracic traumatic acute spinal cord injury (NCT02138110). 
When transplanted in patients with acute spinal cord injury, the  Neuro-Spinal 
Scaffold   provided biocompatible and cellular-adhesive support to promote apposi-
tional healing, relieving tissue pressure, hemorrhage, and edema at the contusion. 
Following  successful   clinical trials with the scaffold alone, trials will be performed 
using the scaffold seeded with neural stem cells. The  Chinese Academy of Sciences   
is administering a trial of a  functional collagen scaffold for transplantation  in acute 
spinal cord injury patients (NCT02510365). The same institute is also sponsoring a 
trial for the use of a collagen scaffold containing mesenchymal stem cells for  trans-
plantation in spinal cord injury  (NCT02352077). 

  Biomaterials      for the treatment of peripheral nerve damage are also undergoing 
clinical trials. The company Axogen has developed the Avance ®  nerve graft, in 
which donor nerve tissue is processed to clear cells and cellular debris, providing an 
open scaffold. Chondroitin sulfate proteoglycans, inhibitors of axonal growth, are 
also removed with the Avance ®  process. Used for peripheral nerve injury, the grafts 
were able to integrate effi ciently in nerve gaps 5–50 mm in length (Cho et al.  2012 ; 
Karabekmez et al.  2009 ). NeuraGen bovine type I collagen conduits of varying cali-
ber provided by Integra LifeSciences have shown in clinical trials to recover sensa-
tion by 35–45 %. However, empty conduits of this type do not perform well with 
nerve gaps greater than 5 mm (Wangensteen and Kalliainen  2010 ; Schmauss et al. 
 2014 ). 

 Macular degeneration and other degenerative eye conditions are being tested for 
the safety and effi cacy of transplanted cells coupled with biomaterials.  Clinical tri-
als   are ongoing for treatment of age-related macular degeneration, led by 
M. Takahashi of the RIKEN Center for Developmental Biology in collaboration 
with Y. Kurimoto of the Institute for Biomedical Research and Innovation Hospital. 
Autologous iPSCs derived from patient’s skin cells are transdifferentiated into reti-
nal pigment epithelial cells, which are cultured as a monolayer sheet. This sheet of 
cells is then transplanted behind the retina. A similar  clinical trial   is also being 
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performed by  Pfi zer  using human ESC-derived retinal pigment epithelial cells 
(NCT01691261). The cells are provided as a monolayer cultured upon a polyester 
membrane, which is rolled up and placed at the back of the eye. A recent Phase I 
safety trial was successful for the intraocular delivery of CNTF with an encapsu-
lated cell implant for the treatment of macular telangiectasia type 2 (Chew et al. 
 2015 ). Phase II multicenter randomized clinical trials are now ongoing for macular 
telangiecgtasia and retinitis pigmentosa, sponsored by Neurotech Pharmaceuticals 
( NCT01949324 ,  NCT01530659 ). Phase II  clinical trials   are also ongoing for the use 
of encapsulated cell technology for the delivery of VEGF for treatment of recurrent 
choroidal neovascularization secondary to age-related macular degeneration 
( NCT02228304 ).    

2.5     Conclusions and Future Directions 

 The vast complexity of the human brain presents amazing challenges when devel-
oping treatment strategies for neurodegenerative disease and injuries sustained by 
the  nervous system  . Stem cells along with cellular reprogramming technologies 
provide a promising resource for studies of neurodevelopment, disease modeling, 
development of experimental strategies for neural repair, and also for drug discov-
ery. The fi eld of cellular reprogramming has undergone rapid development in recent 
years. It is becoming routine to convert differentiated mature cells into a variety of 
other cell types using genetic or small molecule approaches. For example, the abil-
ity to convert skin fi broblasts directly into neurons or glia has dramatically altered 
strategies in regenerative medicine. Cellular reprogramming is becoming a standard 
approach in our biological toolboxes necessary to study complex diseases, espe-
cially when cells and tissues are diffi cult to isolate, in short supply or otherwise not 
available. Furthermore, ethical constraints as well as immune rejection associated 
with heterologous transplants make cellular reprogramming strategies even more 
appealing. 

 Combining stem cells with bioengineering technologies has created a new era in 
regenerative medicine. In order to obtain specifi c cell types for transplantation, stem 
cell bioengineering provides a means for manipulating microenvironmental signals 
that regulate cell proliferation, survival, and differentiation. Enabling stem cell-
based therapies for treatment of neurological conditions requires an understanding 
of how to re-create local microenvironments that sustain cell survival and promote 
recovery of function. Considerable research effort has helped elucidate these com-
plex microenvironments. It is clear that a myriad of soluble and surface-associated 
signaling molecules, cell-to-cell contacts, cell-to-ECM, and local mechanical/physi-
cal cues interacting in complex ways are involved in regulating not only cell fate, but 
also cell behavior. Developing nano/microscale engineering platforms that reliably 
mimic the stem cell microenvironment is becoming a powerful approach for devel-
opment of therapeutic strategies targeting the  nervous system  . With advances in 
scaffold designs must come rigorous interrogation of their functionality. Proof of 
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principle studies conducted in vitro and subsequently in rodents will need to be fol-
lowed with studies in larger animal models before clinical application. Implementation 
of human stem cell-based in vitro model systems that combine biomaterials and that 
have the ability to mimic human physiology will have considerable potential for 
drug development and screening and is likely to offer a cost-effective approach for 
assessing safety and effi cacy before moving to clinical trials. 

 As we move to the future, bioinformatics and systems-level approaches will help 
guide the fi eld of stem cell bioengineering. Gaining a clear understanding of regula-
tory networks and neural connectomes will play key roles in development of novel 
neurotherapeutics and successful transplantation strategies. In addition, the emerg-
ing trend of using combinatorial methods coupled with high-throughput character-
ization will serve as powerful approaches to engineer and explore stem cells and 
their plasticity and utility for neural repair.    
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    Chapter 3   
 Engineering Neuronal Patterning and Defi ned 
Axonal Elongation In Vitro                     

     Devon     A.     Bowser     and     Michael     J.     Moore   

3.1           Introduction 

 During growth and development, the human body naturally forms complex neural 
connections and networks. These patterns defi ne communication pathways and 
ultimately contribute to eliciting the necessary functionality of the nervous system. 
This process relies heavily on growth cones located at the leading edge of extend-
ing neurites that can sense their environment and respond appropriately. Growth 
cones can interpret both contact-guidance mediated cues such as physical barriers 
and surface topography as well as chemoattractants and chemorepellents (Kolodkin 
and Tessier-Lavigne  2011 ). Upon interaction with a guidance cue, neurons undergo 
reorganization of their microtubules and actin fi laments to reorient neurite elonga-
tion. By preferentially increasing or decreasing the rate of creation of these cyto-
skeletal components within different regions of the growth cone, the cell effectively 
alters the direction of neurite outgrowth (Lowery and Van Vactor  2009 ; Dent et al. 
 2011 ). 

 The desire to manipulate neuronal location, axonal elongation and network con-
nectivity stems from three primary areas of scientifi c inquiry. The fi rst is increasing 
our knowledge base of general neuroscience concepts. While the basic processes 
involved in simple neuronal connections have been well characterized, the guidance 
cue combinations that effect the formation of complex neuronal structures, such as 
the brain, are still not fully understood. As investigators seek to unravel these 
unknowns, the use of simpler networks that still accurately replicate the in vivo 
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environment allow for control over potentially confounding variables and make data 
interpretation easier. 

 The second area of research benefi ting from  neuronal guidance   is medical 
devices. This can range from neural guidance conduits for directing the regenera-
tion of severed nerves (Zhang et al.  2014a ) to neural interfaces (Tankus et al.  2014 ). 
 Neuronal   guidance is important in these applications as failure to appropriately 
reconnect could lead to loss of functionality or formation of painful neuromas. 
Well-defi ned in vitro cellular networks that give investigators the opportunity to 
discover what cues best direct neuronal outgrowth can lead to better devices and 
higher quality of life for patients. Ultimately, it is hoped that the development of 
medical devices will progress to include tissue engineered neural structures that 
could improve regeneration or serve as replacements for damaged or diseased neu-
ral tissues (Schmidt and Leach  2003 ). 

  High-throughput screening (HTS)   of neuroactive compounds is the third area of 
study that will benefi t from a more complete understanding of neuronal growth and 
axonal elongation.  HTS   platforms are readily used by pharmaceutical companies 
seeking to elicit the bioactivity of potential drug compounds as well as foresee any 
undesirable side effects prior to proceeding into expensive clinical trials. While ran-
dom 2D neuron cultures have been used to this end, the data does not correlate well 
with in vivo responses, and electrophysiology data is diffi cult to collect. If neuronal 
networks could be engineered to more accurately represent the in vivo environment, 
then  these   HTS systems have the potential to serve as preclinical screening devices, 
effectively reducing the time and money required to get drugs to market and, in turn, 
the costs for the end user (Astashkina and Grainger  2014 ). Another interesting use 
 for   HTS platforms is the determination of the mechanisms of action for toxic com-
pounds used in biological warfare. Only after the mechanism of action is under-
stood is the creation of an antidrug possible. 

 With these applications in mind, investigators have undertaken the job of creat-
ing simple, well-defi ned in vitro neuronal structures and networks. They seek to 
control all aspects of neuronal architecture including soma placement, outgrowth 
direction, neuron polarization, and cell–cell interactions. To this end, the general 
approach to achieve this goal is to deposit cell bodies in a defi ned location then 
provide specifi c areas that are permissive to migration, outgrowth, and axonal exten-
sion. Many different techniques have been employed to generate these types of 
patterns with varying levels of success. 

 This chapter explores methods of defi ning neuronal growth and axonal elongation 
including topography, printing applications, photolithography techniques, microfl u-
idics, subtractive fabrication, optical cues, and magnetic and electric fi elds. These 
fabrication techniques allow the investigator control over environmental culture 
parameters such as: dimensionality [two-dimensional (2D) vs. three- dimensional 
(3D)], presentation of cues (chemical, physical, and optical), method of presenting 
cues (anchored vs. soluble and static vs. dynamic), and level of control (individual 
cell vs. population). The determination of required parameters for desired outcome 
can inform the investigator’s decision as to which method to employ.  
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3.2     A Survey of Approaches 

  The overall objective  of   engineering neural outgrowth and axon elongation is to 
create a highly defi ned culture system that approaches the in vivo neural environ-
ment. There are three main parameters typically manipulated during  neuronal engi-
neering   to achieve this goal: controlling somal placement, infl uencing the direction 
of neurite outgrowth, and dictating network connectivity. Somal placement is 
important in vitro as it allows the investigator to isolate individual neurons for study, 
control each cell’s local microenvironment including the type and number of neigh-
boring cells, and make necessary endpoint measurements such as electrophysiologi-
cal data easier to capture. When choosing an approach for somal placement, it is 
essential to consider the required spacing accuracy, the needed cell viability, and the 
desired dimensionality.  Appropriate placement   can be achieved by directly deposit-
ing the cell body to the desired location or by the creation of a cell adhesive region 
that favors cell migration and attachment within the cell culture substrate. 

 The capacity to manipulate neurite outgrowth in vitro enables one to guide neu-
rons toward forming the proper electrical connections as well as elucidates the guid-
ance effects of a variety of stimuli. Method selection depends on the type of cue, the 
presentation of the cue, the required culture dimensionality, and whether the guid-
ance is desired on a population or individual cell level. There are many types of 
stimuli that can be introduced into the neuron culture environment including chemi-
cal, physical, optical, fl uidic, electrical, and magnetic. 

 The formation of specifi ed neural networks is benefi cial for in vitro work in that 
it allows for the defi nition of the pathway along which electrical signals can be 
transferred. Such organized, specifi c connections facilitate the interpretation of 
resulting electrical impulses on a scale that is not feasible using the random neural 
networks. When selecting an appropriate method for guiding network formation, 
compatibility with  microelectrode arrays (MEAs)  , the required dimensions for the 
culture environment, and the desired resolution must be considered. Such neural 
networks are generally formed by creating a growth-permissive region via ablation 
or the deposition of a cell adhesive material in a guidance pattern. 

 This chapter seeks to categorize the different approaches for engineering neuro-
nal growth and axonal elongation based on their fundamental fabrication strategy. 
This grouping was selected because often the manipulated parameter is intrinsically 
linked to the underlying fabrication principle. For example, all three printing tech-
niques are used to direct soma placement albeit through slightly different setups. It 
should be noted though that many techniques are capable of affecting several of the 
environmental parameters. As such, the basic process and a brief overview of results 
for methods that rely on topography, printing, photolithography, fl uids, light sources, 
material removal, magnetic fi elds, and electric fi elds are presented below. From 
perusing the chapter, the reader should develop a stronger sense of the level to which 
different techniques allow control over the three aspects of engineering in vitro neu-
ral environments. It should also become apparent that a multiplicity of methods are 
capable of yielding similar outcomes, and the specifi cs of each experiment will help 
dictate which method offers the most appropriate approach.   
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3.3     Physical Topography 

  The use of physical microstructures to align cells and infl uence their growth has been 
performed extensively and as such will only be briefl y discussed here. The  fabrica-
tion methods   used to achieve a desired topography depend greatly on the minimum 
feature size and type of material. Generally speaking,  photolithography   and  e-beam 
lithography   create structures in the micrometer (μm) range, whereas chemical etch-
ing, nanoimprint lithography, and chemical vapor deposition are used for nanometer 
(nm)-sized features. Common materials for physical microstructure manipulation 
include polymers, silicon, metals, and carbon nanofi bers (Khan and Newaz  2010 ). 

 When presented with anisotropic microstructures, neuron adhesion and exten-
sions will typically show preference for residing on or along the features. This has 
been demonstrated for grooves and ridges of varying widths (Clark et al.  1990 ; 
Britland et al.  1996 ; Rajnicek et al.  1997 ; Zhu et al.  2004 ; Goldner et al.  2006 ; 
Johansson et al.  2006 ; Tsuruma et al.  2006 ), microchannels (Gomez et al.  2007a ,  b ), 
arrays of pillars and wells (Turner et al.  2000 ; Dowell-Mesfi n et al.  2004 ), fi bers 
(Sorkin et al.  2006 ; Rahjouei et al.  2011 ), and areas of increased roughness (Turner 
et al.  1997 ; Fan et al.  2002a ,  b ).  Neuronal guidance   perpendicular to  the   microstruc-
ture has also been reported for cortical neurons cultured on wider microchannels 
(Tsuruma et al.  2006 ) and hippocampal neurons cultured on narrow, shallow grooves 
(Rajnicek et al.  1997 ). 

 One unique application of topography utilizes a  PMDS   cast of aligned Schwann 
cells to serve as the substrate in a cell culture system. This effectively replicates the 
Schwann cell structure to create a more physiologically relevant culture environ-
ment. The  Schwann cell-based micropattern   increased  dorsal root ganglion (DRG) 
cell   adhesion 95 % over fl at surfaces, and DRG growth was seen to align with the 
underlying structure (Bruder et al.  2007 ). Additionally, when extending growth par-
allel to the aligned substrate, the outgrowth was found to occur 48 % faster than on 
unpatterned replicas and 110 % faster than growth perpendicular to the replica pat-
tern (Richardson et al.  2011 ).   

3.4     Printing Processes 

3.4.1     Microcontact Printing 

     Microcontact printing      has been used extensively  as   a method for constraining and 
directing neuron placement and neurite outgrowth. The process typically relies on 
photolithography followed by molding to create a stamp for depositing a bioink onto 
a substrate. Briefl y, a silicon wafer is spincoated with a photoresist then exposed to 
ultraviolet (UV) light through a chrome mask to form a mold of the desired inking 
pattern.  Polydimethylsiloxane (PDMS)   is cured in the mold to create a physical 
stamp which is subsequently coated in a bioink during an incubation step. The stamp 
is then “inked” (i.e., the bioink is transferred) by being placed in contact with the 
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culture substrate (Fig.  3.1 ) (Fritz and Bastmeyer  2013 ). The bioink solution is 
typically deposited onto a hydrophobic material, such as polystyrene, which 
intrinsically discourages cell adhesion, although backfi lling the pattern with a growth-
restrictive material such as  polyethylene glycol (PEG)   is also possible. Additional 
substrate activation steps are sometimes required to allow appropriate adherence of 
the bioink to the substrate. As the quantity of ink deposited can affect the quality of 
cell adhesion and direction, release layers may be added to the stamp to improve 
transfer (Chang et al.  2003 ).

   Successful microcontact printing of  growth-permissive materials   has been dem-
onstrated with laminin (Lauer et al.  2001 ,  2002 ; Schmalenberg et al.  2004 ), polyly-
sine (Branch et al.  1998 ,  2000 ; Choi et al.  2013 ), adhesion peptide PA22-2 (Klein 
et al.  1999 ; Scholl et al.  2000 ; Heller et al.  2005 ), recombinant human IgM12 (Xu 
et al.  2013 ), ECM-gel (Vogt et al.  2005a ,  c ), Matrigel (Liazoghli et al.  2012 ), chon-
droitin sulfates (A, B, and E) (Swarup et al.  2013 ), polydopamine plus poly(ethylene 
imine) (Chien and Tsai  2012 ), and polylysine-conjugated laminin (Kam et al.  2001 ). 
Studies have demonstrated that soma adhesion and neurite outgrowth generally fol-
lows the printed patterns, can be maintained for extended periods of time, and exhib-
its no adverse alterations in morphology or biological activity. Additional levels of 
guidance can be induced by printing cell-restrictive materials in conjunction with 
cell-permissive materials. Myelin (Belkaid et al.  2013 ), chondroitin sulfate C (Swarup 
et al.  2013 ), and fi bronectin (Fereol et al.  2011 ) have been used to this end. 

 With microcontact printing, the pattern of neurite outgrowth directly correlates to 
that of the stamp and is therefore only limited by fabrication constraints. The most 
common patterns for engineering  neuronal networks   include lines and grids, some-
times containing wider nodes for cell body adhesion. Optimal grid and line adhesion 
has been shown with 4 μm wide lines, and 20 μm nodes (Lauer et al.  2002 ), and 
10 μm gridline spacing (Lauer et al.  2001 ). Electrophysiological examination of 
neurons cultured on a grid pattern revealed the formation of a variety of synaptic 
circuitry including linear connections, branching and converging pathways, and 
feedback loops of different sizes (Vogt et al.  2005b ). 
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  Fig. 3.1    A summary of the fabrication steps required to create a  PDMS stamp   and then use the 
stamp for  microcontact printing   (Leng et al.  2004 )       
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 More complex patterns of neuronal cues that allow advanced control over the 
culture environment are achieved through multiple microcontact printing steps. A 
grid containing polylysine nodes connected by proteins L1 and N-cadherin, which 
support axonal and dendritic growth respectively, has been used to direct neuronal 
polarization in culture (Shi et al.  2007 ). Alternatively, microislands isolated by 
backfi lling the printed pattern with growth-restrictive PEG allow the observation of 
natural, nonengineered network formation on a small number of sequestered neu-
rons (Ricoult et al.  2012 ). 

 While typically printed on fi rm, solid substrates, microcontract printing has been 
employed on hydrogel surfaces for neurite guidance. Biotinylated fi bronectin, lam-
inin, and the peptide sequence IKVAV were all transferred onto acrylamide-based 
hydrogels to form cell-adhesive wide bars and noded lines. Cells selectively adhered 
to the printed proteins and peptides, showing viability for 4 weeks as neurite out-
growth and synapse formation were observed (Hynd et al.  2007 ). 

 Microcontact printing can also be used to fabricate discontinuous guidance gra-
dients. Printed lines, rectangles, and dots can all be manipulated by altering spacing 
and shape dimensions to create gradients of assorted slopes. Polylysine gradients 
with a width of 4 μm and a slope of 0.04 were found to direct 84 % of axons toward 
higher concentrations of polylysine. Combining polylysine with laminin achieves 
similar results at a less steep slope (Fricke et al.  2011 ). In another study, temporal 
retinal axons were shown to extend up a printed concentration gradient of ephrinA5 
until they reached a cellularly defi ned “stop zone.” The distance  to   the “stop zone” 
could be shortened using a steeper gradient or higher concentration of substrate- 
bound printing ink (von Philipsborn et al.  2006 ). 

 Microcontact printing has also been used to investigate network formation and 
resulting electrical activity, which is critical for uncovering the dynamics that drive 
neuronal growth and development. This is done in conjunction with  MEAs  , which 
are commonly used to record electrical activity of neurons cultured in vitro. While 
standard culture conditions are limited to random network formation which fails to 
position cells that are conducive to recording, microcontact printing has been proven 
to be a powerful tool for placing cells and guiding their network formation  on   MEAs 
to give strong recordings (James et al.  2000 ; Leng et al.  2004 ; Mehenti et al.  2006 ; 
Nam et al.  2006 ; Jun et al.  2007a ; Jungblut et al.  2009 ).     

3.4.2     Inkjet Printing 

    The adaptation of  standard    offi ce      printers to allow for the deposition of alternative 
bioinks has opened a new fi eld of patterning the connectivity and placement of neu-
rons. These systems are typically composed of commercially available printer parts: 
the ink cartridge/reservoir, the printhead, and a movable receiving substrate. Both 
piezoelectric and thermal inkjet printers have been utilized; each releases a con-
trolled fl uid volume that gets deposited on the substrate, albeit via different 
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mechanisms.  Piezoelectric printers   rely on a voltage pulse to contract the reservoir 
dispensing a jet (Fig.  3.2 ), whereas thermal printers utilize a heating element to 
generate a bubble that propels a jet from the printhead nozzle (Ringeisen et al. 
 2006 ). In-house modifi cations of printer systems are common to prevent damage to 
cells and materials.

   The fi rst successful application of inkjet printing for the deposition of delicate 
nervous system cells yielded embryonic motor neurons that visibly retained their 
printed pattern and exhibited polarized morphology after 5 days (Xu et al.  2005 ). 
Later, work on primary embryonic hippocampal and cortical neurons exhibited 
good neurite outgrowth and maintenance of neuronal morphology postprinting with 
74 % cell viability. Electrophysiological evaluations of these printed cells confi rmed 
that their electrical behavior was not statistically different than controls; printed 
cells maintained normal membrane properties, were excitable, and capable of fi ring 
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  Fig. 3.2    A depiction of the piezoelectric  inkjet printing process      (Sanjana and Fuller  2004 )       
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action potentials, thereby verifying the development of mature sodium and potas-
sium voltage-gated channels (Xu et al.  2006 ). Printed  retinal ganglion cells   showed 
similar results with 69 % viability and neurite outgrowth and survival equivalent to 
control cells. Close-up visual analysis of the forces experienced by these cells at the 
area of highest shear stress, the printhead nozzle, further confi rmed that the printing 
process does not result in any signifi cant cell distortion (Lorber et al.  2014 ). 

 Inkjet printers can also be used to defi ne neural outgrowth by depositing patterns 
of cell adhesive materials. Printed poly- L -lysine (Sanjana and Fuller  2004 ), colla-
gen (Roth et al.  2004 ), and a mixture of Vinnapas and laminin (Turcu et al.  2003 ) 
have all been demonstrated as effective adhesive material bioinks for neuronal cell 
types. Most impressively, strict pattern adhesion out to 25 days was seen with poly- 
 L - lysine printed on a PEG substrate with no detriment to the electrophysiological 
properties or synaptic distribution of printed hippocampal neurons (Sanjana and 
Fuller  2004 ). While deposition pattern is initially defi ned by the automated move-
ment of the substrate, additional control over cell adhesive material patterning can 
be instigated by altering bioink viscosity, the properties of the receiving substrate, 
and the spatial density of ink drop deposition. 

 Three-dimensional structures can be constructed using a layer-by-layer, bottom-
 up approach. In one study, a collagen precursor layer was deposited followed by a 
patterned layer of neurons and glial cells applied in the desired pattern. A nebulized 
aerosol form of  sodium bicarbonate   was then applied to initiate collagen crosslink-
ing and gelation. This process was repeated for several layers. Imaging of the fabri-
cated structure revealed distinct layers of patterned neuronal cells that exhibited 
neurite outgrowth and connectivity in three dimensions. Although still viable, the 
astrocytes did not exhibit their standard star-shaped morphology after undergoing 
the 3D printing process (Lee et al.  2009 ). A second approach exploited the natural 
relationship between fi brinogen and thrombin to form layers of fi brin gel upon 
which NT2 neurons were subsequently printed. The NT2 cells spread across the 
fi brin and extended neurites after being cultured for 12 days (Xu et al.  2006 ).     

3.4.3     Matrix-Assisted Pulsed Laser Evaporation-Direct 
Write Printing 

    Matrix-assisted  pulsed   laser evaporation-direct write (MAPLE DW) printing is a 
method of selectively transferring a cell suspension onto  a      receiving substrate in a 
user-defi ned transfer pattern. The underside of a laser transparent print ribbon is 
coated with a basement membrane matrix, allowing adherence of the cells to be 
printed. When a pulse of near-UV or UV laser light interacts with the print ribbon, 
the matrix coating evaporates in the localized area, and gravity and kinetic energy 
propels the matrix and adhered cells onto the receiving substrate (Fig.  3.3 ). The 
incorporation of CAD control and a camera facilitates easy translation of the sub-
strate and real-time viewing of the print transfers (Phamduy et al.  2010 ; Schiele 
et al.  2010 ). Moving the printing ribbon allows for the selective transfer of cells, 
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whereas moving the substrate controls the printed pattern. An incubation period 
allows the cells on the receiving substrate to adhere to the culture surface, and 
excess printing matrix is removed during media changes.

   In one series of experiments, B35 neuronal cells were successfully positioned 
using MAPLE DW printing technology with 97 % viability at 96 h posttransfer. Cell 
morphology was unaffected by the deposition process with no signifi cant difference 
in axonal growth between transferred and control cells. The number of live cells and 
axonal projections exhibited by transferred cells increased over time, and some 
transferred cells formed small two-dimensional neuronal networks. 

 The investigators manipulated the depth of penetration into the receiving substrate 
by altering the laser fl uence thereby creating 3D cell-seeded scaffolds. Increasing the 
laser fl uence was found to lead to greater depth penetration but decreased cell viabil-
ity. The maximum depth achieved using this method was 75 μm with no discernable 
difference in axonal extension or cell morphology between cells on the substrate 
surface and those within the volume. In addition, cells seeded in different planes 
formed processes that extended to one another yielding a 3D neural network (Patz 
et al.  2006 ). 
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  Fig. 3.3    The setup for  MAPLE DW printing      (Phamduy et al.  2010 )       
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 In a separate study, an intermediate triazene absorbing layer was added to the 
printing ribbon to enable the transfer of B35 neuronal cells at decreased laser fl u-
ences. The cells exhibited neuronal extensions at 48 h with similar growth profi les 
to those cells deposited without the triazene layer. This alteration of the MAPLE 
DW system opens up the technology for use with more sensitive cells and biomol-
ecules (Doraiswamy et al.  2006 ). 

 Neural stem cells have also been printed with MAPLE DW technology and 
found to be viable posttransfer. It is anticipated that this technology can be used to 
pattern neural stem cells in order to provide insight into the innate cellular prolifera-
tion and differentiation processes of the nervous system (Schiele et al.  2009 ).

A recent study demonstrated the capacity of MAPLE DW to transfer dissociated 
dorsal root ganglion cells into defi ned nodal arrays. The investigators effectively 
created islands of neurons and their support cells which were viable in culture post-
transfer. By day 7 in culture, neurite extensions connected these islands and the 
expression of synaptic marker, VGLUT2, was visible. However, the cells were not 
constrained to the area of their printed islands, so the nodal organization induced by 
printing has begun to degrade by day 7 (Curley et al.,  2016 ).      

3.5     Photolithography 

3.5.1     Photopatterning Two-Dimensional Substrates 

     UV light exposure   through  a      photomask can be applied to 2D cell culture substrates 
 to   defi ne patterns of bioactive molecules for guiding soma placement and neuronal 
growth. Typically, cellular adhesion proteins or positively charged molecules are 
patterned as cell-permissive regions. This is achieved either by applying UV light 
directly to the cell-permissive material or by patterning a photoresist. 

 Direct UV  light   exposure is thought to alter the activity of the substrate protein 
thereby preventing cells from properly adhering and growing on irradiated portions. 
Grid patterns of laminin fashioned via this direct exposure were able to guide growth 
cone motility (Hammarback et al.  1985 ). Any growth cones that contacted irradi-
ated laminin extended on it momentarily before retracting and continuing on the 
patterned laminin. If the time of irradiation was increased, the cell exhibited greater 
adherence to the pattern and increased guidance. Fibrinogen patterned with the 
same method did not elicit neurite guidance (Hammarback et al.  1988 ). 

 UV  light   can be used to conjugate  N -(2-mercaptoethyl)-3-(3-methyl-3 H - 
diazirine-3-yl) propanamide to chitosan fi lms which then enables the covalent and 
noncovalent interaction of applied maleimide–streptavidin. Biotinylated-fusion 
proteins, nerve growth factor (NGF) and semaphorin3A (Sema3A), can then be 
tethered in the areas where maleimide–streptavidin resides. This immobilization 
strategy had a greater infl uence over neurite extension than their simply adsorbed 
counterparts; NGF encouraged axon extension while Sema3A repulsed axon exten-
sion (McCormick et al.  2013 ). Coimmobilization of ratios  of   NGF and  Sema3A   can 
be used to create a variety of guidance effects (McCormick et al.  2015 ). 
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 Direct UV light irradiation can also be used to alter the hydrophobicity of a mate-
rial, making it more hydrophilic and therefore favoring protein adhesion on nonirradi-
ated regions. This was demonstrated using a hydrophilic copolymer of azidostyrene 
and  N , N -dimethylacrylamide and Type I collagen; neural cells selectively adhered to 
collagen-coated regions that were patterned by UV exposure (Matsuda et al.  1992 ). 

 The  photoresist method   for selectively depositing materials requires several 
sequential steps to fully achieve the desired pattern. First, the substrate is coated with 
a photoresist that is covered with a mask and exposed to UV light. Any exposed areas 
of the photoresist are then removed in a development bath. The desired bioactive mol-
ecule is then applied to the substrate, adhering to the voids in the photoresist. Finally, 
the remainder of the photoresist is washed off to reveal the fi nal pattern of bioactive 
molecules (Fig.  3.4 ). Note that additional grafting and activation steps may be required 
throughout the process depending on the substrate and bioactive molecule used. This 
method has been used to pattern polylysine grids (Wyart et al.  2002 ) and diamine and 
triamine grids and lines (Kleinfeld et al.  1988 ). Neurite extension was selectively pre-
scribed to both of the patterned materials and cell maturation was supported both 
morphologically and electrically. This same method can be used to selectively remove 
irradiated regions of a self-assembled PEG monolayer which can then be coated with 
cell-adhesive polylysine. This process in particular has demonstrated compatibility 
with MEA culture and recordings of neuronal networks (Cheng et al.  2013 ).

   Gradients of immobilized cues can also be created by altering the intensity or 
duration of UV light exposure over a specifi ed area. Both linear and step gradients 
can be fabricated. Neurites were found to preferentially grow up gradients of IKVAV 
(Adams et al.  2005 ) and down gradients of –COOH (Li et al.  2005 ).     
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  Fig. 3.4    Fabrication steps 
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for creating a  surface 
modifi ed pattern  . Adapted 
from Wyart et al. ( 2002 )       
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3.5.2     Three-Dimensional Photoimmobilization 
of Guidance Cues 

    Hydrogels, which more  closely       mimic   the physiological environment, are com-
monly implemented as cell culture environments. While hydrogels are capable of 
supporting robust cell growth, they do not typically provide neurons with specifi c 
guidance cues in the absence of additional chemical modifi cations. Chemically 
modifi ed hydrogels can be manipulated using UV light to provide chemical cues 
that can infl uence neuronal response. 

 Some  hydrogels   undergo localized chemical modifi cations when they are exposed 
to UV light. This property is commonly exploited in the lab to photoimmobilize 
adhesion peptides to create defi ned channels for guiding neurite growth. Agarose 
modifi ed with photolabile S-(2-nitrobenzyl)cysteine readily forms a hydrogel via 
thermal cooling. When irradiated with UV light, the 2-nitrobenzyl groups incorpo-
rated within the gel are lost and free sulfhydryl groups are exposed. These sulfhydryl 
groups are susceptible to biomolecule coupling with either maleimidyl or acrylyl-
activated peptides. This process was used to effectively immobilize GRGDS pep-
tides within a hydrogel, which supported both cell adhesion and neurite extension. 
The length of neuronal extension was found to be related to time of irradiation; a 
longer irradiation time resulted in greater neurite density and length (Luo and 
Shoichet  2004b ). 

 The formation of  vertical guidance channels   was instigated by a focused laser 
beam. By moving the focal plane vertically, a gradient of adhesive peptide was 
formed in the  xy  plane with the highest concentration located at the center point of 
the beam.  DRG cells   that were seeded on top of the hydrogel migrated 600 μm into 
the hydrogel and those located within 250 μm of a peptide channel would extend 
neurites preferentially toward the higher peptide concentration. This guidance was 
not exhibited for the scrambled peptide, GRDGS (Luo and Shoichet  2004a ; Musoke- 
Zawedde and Shoichet  2006 ). 

 More complex guidance channels within hydrogels can be formed through 
slightly different fabrication and coupling process. By incubating a hyaluronic 
acid hydrogel in a crosslinkable protein solution and applying UV light, geometri-
cally intricate channels are created. The UV light can be directed into the appropri-
ate patterns using two different methods. The fi rst utilizes a three-axis piezoelectric 
translator to scan the hydrogel sample and create arbitrary pathways at the focal 
fabrication voxel of the laser (Fig.  3.5 ). Alternatively, a digital micromirror device 
in combination with a series of progressive photomasks, vertical increments 
induced by stage motion, and UV light can pattern channels throughout the hydro-
gel depth. Spiral channels constructed with these methods were shown to support 
neuron migration into the hydrogel as well as neurite growth which was preceded 
by Schwann cell outgrowth. Cellular processes directly aligned with the channels, 
demonstrating contact-mediated guidance with immobilized IKVAV peptides 
(Seidlits et al.  2009 ).   
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3.5.3        Stereolithography of Hydrogel Guidance Structures 

     Sometimes the  physical   structure  of         the hydrogel alone is enough to effectively 
infl uence neuron culture. The simplest approach for using stereolithography to 
effect neuronal outgrowth is to implement standard mask and photoresist photo-
lithographic techniques to pattern 3D voids. This method was executed on silicon 
wafers with laminin to improve cell adherence to the substrate. Square voids exhib-
ited confi ning effects on DRG outgrowth that correlated with chamber size. This 
effect was not demonstrated with rectangular channels (Francisco et al.  2007 ). 

 Alternatively,  two photon polymerization (2PP)   can be used to create guidance 
structures.  2PP   is a method of curing resins whose mechanism is based on the 
simultaneous adsorption of two photons of light. Microstructures are formed by 
crosslinking at the depth of the laser focus as the laser scans across the volume of 
a photosensitive resin as instructed by an uploaded CAD-like fi le. After completing 
the fi rst iteration of the pattern, the laser focus plane is altered by stepping verti-
cally then repeating the pattern to create the 3D structure layer by layer. Microwell 
arrays and suspended guidewires have been fabricated from photopolymerizable 
polylactic acid  using   2PP. Neural cells were viable within these microwell struc-
tures (Koroleva et al.  2012 ); they fi lled the microwells and extended neurites, 
which were signifi cantly shorter in length than those of control cells, both inside 
and outside the niches (Gill et al.  2015 ). The suspended guidewires were able to 
support neuron attachment and projections continued along the axis of the wire 
(Melissinaki et al.  2011 ). 

 Stereolithography can be employed to restrict the placement of neurons within 
the hydrogel, which is particularly benefi cial for tissue engineering applications. 
By using a series of masks with microscale control, cortical neurons suspended in 

  Fig. 3.5    The formation of guidance structures within a hydrogel using UV light to immobilize 
peptides. Adapted from Seidlits et al. ( 2009 )       
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photocrosslinkable hydrogel solutions were spatially placed in relation to other cell 
types demonstrating the fundamentally necessary ability to construct cellularly 
diverse structures (Gurkan et al.  2013 ). Spatial control can be achieved in the 
 z -direction as well by forming individual hydrogel layers that encapsulate the 
desired cell types using a soft lithography apparatus. By layering hippocampal neu-
rons then myoblast cells encapsulated in an alginate-PEG hydrogel, distinct layers 
could be formed. The layers maintained their separation throughout the cell culture 
period. Culture of hippocampal neurons and myoblast cells within the same layer 
showed a 2.5 time increase of neuronal choline acetyltransferase activity denoting a 
synergistic effect within the coculture (Zorlutuna et al.  2011 ). 

 The geometry of a growth-permissive hydrogel can be used to provide a guidance 
substrate for extending neurites. This was exhibited by a 3D gelatin methacrylate 
hydrogel that was fabricated to capture a single neuron through two photolithogra-
phy steps used to create a looped structure (Fig.  3.6 ). Within 3 weeks, the neurons 
grew axons that extended around their hydrogel loop structure to autosynapse with 
their own soma, which remained localized in the capture dot. Axonal growth 
occurred in 3D but did not extend beyond the hydrogel structure (Fan et al.  2012 ).    

3.5.4        Laser-Assisted Protein Adsorption by Photobleaching 

    Laser-assisted  protein   adsorption by photobleaching (LAPAP) is a technique that 
creates patterns of substrate-bound proteins using low- power      visible lasers and stan-
dardly available reagents. It relies on the photobleaching of biotin conjugated fl uo-
rophores as a mechanism to covalently link protein molecules to the substrate in a 
predefi ned pattern via the production of free radicals. Typically, biotin-4- fl uoroscein 
is photobleached to create the initial pattern followed by incubations of streptavidin, 
biotinylated antibodies, and desired bioactive protein (Fig.  3.7 ) (Belisle et al.  2014 ). 
LAPAP can be used to establish substrate-bound protein gradients as well as to cre-
ate patterns of several different proteins simultaneously (Belisle et al.  2009 ).

   This technique was used to create gradients of established guidance molecules to 
direct neuronal outgrowth. When placed on an LAPAP deposited laminin fragment 
(IKVAV) gradient, axonal extension from DRGs was found to preferentially travel 

  Fig. 3.6    The multiple fabrication steps used to create a  microscale hydrogel for neuron capture  . 
( a ) Creation of ring structure; ( b ) creation of capture dot; and ( c ) depiction of fi nal hydrogel struc-
ture with captured neuron. Adapted from Fan et al. ( 2012 )       
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up the gradient at a three time higher rate than down the laminin gradient (Belisle 
et al.  2008 ). This guidance has been attributed to the infl uence of the laminin gradi-
ent on the initiation angle of the axon rather than to actual turning events of axons 
as they grow (Belisle et al.  2012 ). 

 LAPAP has also been used to generate protein patterns atop long-chain acrylated 
PEG monolayers. Arrays of patterned triangles presenting  poly- D -lysine (PDL)   to 
hippocampal neurons resulted in directed polarization, by impeding reverse- 
projecting and permitting forward projecting neurites. Smaller triangles, approach-
ing the size of the growth cone, exhibited longer neurite extensions than their larger 
triangle counterparts. Larger triangles could be manipulated to encourage longer 
neurite outgrowth by reducing the density of PDL (Scott et al.  2012 ).     

3.5.5     Digital Projection Photolithography 

     Digital    projection      photolithography, like other photolithography techniques, can be 
used to create patterns of immobilized guidance cues (Wang et al.  2009 ), topographical 
micropatterns (McCormick et al.  2014 ), as well as defi ned hydrogel structures 
(Curley et al.  2011 ). However, this photolithography method differentiates itself in 
that it does not implement a physical mask. Using a digital micromirror device, 
masks developed on a computer can be uploaded and projected directly onto a 
photolabile hydrogel precursor or protein solution, which is crosslinked in a specifi ed 
pattern (Fig.  3.8a, b ). Distinct regions of gelation or immobilization are created using 
black and white images while gradients can be formed by using grayscale images or 
out of focus masks. This method has advantages over traditional photolithography 
techniques in that it enables the rapid alteration of masks without the need for 
additional manufacturing steps and the types of patterns that can be created are only 
limited by the optical resolution. Additionally, the mask does not contact the surface 
during patterning, which prevents structural damage of the substrate from occurring.

B4F

Streptavidin

PDL

Biotinylated
protein

  Fig. 3.7    Series of incubation steps used to immobilize proteins during  LAPAP  . Adapted from 
Scott et al. ( 2012 )       
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   One unique application of digital projection photolithography is the fabrication of 
dual hydrogel systems for culturing embryonic rat DRG tissue explants. Typically, 
the external cell-restrictive hydrogel, made of a 10 % PEG solution, is patterned fi rst. 
A cell-permissive gel is then added to the void to create a constrained channel along 
which neurite growth can extend (Fig.  3.8c ) (Curley et al.  2011 ).  DRG explants   are 
either adhered to the permeable substrate prior to hydrogel gelation or pushed into 
the cell-permissive hydrogel postcrosslinking. A hydrogel thickness of ~500 μm is 
standard as it provides the appropriate balance between void size resolution and pat-
tern fi delity. After 7 days of culture, it was observed that neurite growth remained 
confi ned within the PEG mold; it extended down the channel, throughout the depth 
of the cell-permissive gel and was highly fasciculated (Curley and Moore  2011 ). 

 The design of the dual hydrogel construct and the use of digital projection lithog-
raphy allows for a variety of different cues to be easily incorporated in the system. 
This includes immobilized guidance cues (Curley et al.  2014 ; Horn-Ranney et al. 
 2014 ), soluble guidance cues (Horn-Ranney et al.  2013 ; Curley et al.  2014 ; Catig 
et al.  2015 ), and hydrogel stiffness (Khoshakhlagh and Moore  2015 ). 

 Additional photolithography fabrication steps along with more advanced conju-
gation chemistry involving UV uncageable thiol groups can be utilized to present 
immobilized guidance cues within the construct (Fig.  3.8d ). Immobilized neuro-
trophin- 3 and semaphorin 3A were shown to produce a moderate attractive response 
and a strong repulsive response to extending neurites, respectively (Horn-Ranney 

  Fig. 3.8    ( a ) Examples of  digital projection lithography   masks created on the computer, ( b ) setup 
for digital micromirror device for digital projection lithography, ( c ) image of dual hydrogel culture 
constructs, and ( d ) example of selectively immobilized biomolecules for guiding neurite out-
growth. Adapted from Curley and Moore ( 2011 ) and Horn-Ranney et al. ( 2013 )       
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et al.  2014 ). The presentation of immobilized semaphorin 6A elicited a repulsive 
response from lumbosacral  DRG   explants while ephrin-B3 instigated no guidance 
effect (Curley et al.  2014 ). 

 Soluble guidance cues can be integrated, as transient concentration gradients, into 
the construct system by including a circular loading well on the initial DMD mask, 
typically positioned asymmetrically so as to bias the presentation of soluble factors 
to one section of the channel. The proximity of the loading well to the construct chan-
nels as well as the concentration of PEG can be adjusted to achieve the desired con-
centration profi le and duration (Horn-Ranney et al.  2013 ). Applying NGF into the 
loading well resulted in a linear NGF gradient in one channel of a bifurcating choice 
point. NGF gradients function as chemoattractive cues for neurites grown in the sys-
tem and can help to partially overcome the repulsive effects of immobilized sema-
phorin 6A in a dose-dependent manner (Curley et al.  2014 ; Catig et al.  2015 ). 

 Additionally, the  transparency   of the hydrogels typically used in this system lend 
themselves well to the application of electrophysiology. Field recordings show that 
the neural tracts are capable of producing compound action potentials that resemble 
those exhibited by intact nerves (Huval et al.  2015 ).      

3.6     Microfl uidic Applications 

3.6.1     Material Deposition 

    This application  of    microfl uidics      yields patterns of substrate-bound cues that are 
reminiscent of those generated by  microcontact printing     . Typically, soft lithography 
techniques are implemented to form a  PDMS stamp   that contains a series of micro-
channel voids. The stamp is placed in contact with the substrate to form microchan-
nels through which a solution is injected. Once these voids are full, an incubation 
period allows the solution to adhere to the substrate. Because the solution is con-
strained by the channels, it is only able to interact with the substrate, and therefore 
adhere, in the pattern defi ned by the  PDMS stamp  . Solutions usually contain cell 
adhesion proteins or polymers. 

 Combinations of alternating stripes of poly- L -lysine, laminin, or NgCAM were 
fabricated using a microfl uidic device. Axons preferentially extended on laminin 
and NgCAM when each was patterned with poly- L -lysine. When laminin and 
NgCAM were patterned together, on the other hand, the axon was found to initiate 
on the opposite substrate from where its soma attached. This denotes that the 
change in substrate is infl uential in triggering axon polarity (Esch et al.  1999 ). 
Additionally, poly- L / D -lysine and collagen IV have both been deposited onto cul-
ture substrates in predefi ned patterns. Neurons selectively adhered to and were 
guided by patterned laminin to form neuronal connections (Martinoia et al.  1999 ; 
Degenaar et al.  2001 ). These neurons maintained their electrical activity as demon-
strated by their negative membrane potentials and the capacity to produce action 
potentials (Romanova et al.  2004 ). 
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 Interestingly, polyelectrolytes that have been patterned using microfl uidics 
have been shown to preferentially adhere rat retinal neurons. The polyelectrolytes 
used,  polyallylamine hydrochloride (PAH)   and  polyethyleneimine (PEI)  , have an 
associated positive charge that attracts cells which are negatively charged due to 
their glycocalyx. Neurons aligned along the prescribed pattern demonstrating 
favor  of   PAH and PAI over substrate PDMS, but would still extended neurites over 
the PDMS surface in order to connect with cells on different regions of the pattern 
(Reyes et al.  2004 ).     

3.6.2     Gradient Formation 

   Microfl uidics can be used  to    form   both soluble- and substrate-bound gradients to 
which neurons can interpret and react. Microfl uidic devices are fabricated as 
described above but typically utilize merging and branching channels to mix mul-
tiple input solutions to form a gradient (Fig.  3.9 ). A fl uid stream emerges from the 
end of the channel that either reacts with the substrate becoming immobilized or is 
utilized as a soluble cue.

   Immobilized gradients of several known inhibitory and permissive molecules 
have been investigated. Neurons have been shown to extend neurites preferentially 
toward higher concentrations of laminin (Dertinger et al.  2002 ; Li et al.  2008 ; Millet 
et al.  2010 ), netrin-1, and low-density BDNF (Mai et al.  2009 ). Gradients of  chon-
droitin sulfate proteoglycans (CSPG)   (Li et al.  2008 ) and high-density  BDNF   (Mai 
et al.  2009 ) repulsed extending neurites causing them to grow in the opposite direc-
tion. As would be expected, the use of a laminin-CSPG double gradient could either 

  Fig. 3.9    Two inputs, BSA 
and laminin, are formed 
into a gradient by fl owing 
through a  microfl uidic 
gradient mixer  . Adapted 
from Dertinger et al. 
( 2002 )       
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strongly direct or inhibit guidance when gradients were in opposite directions or 
parallel, respectively (Li et al.  2008 ). 

 Soluble gradients of neurotrophin 3 (Ryan et al.  2006 ) and netrin-1 (Bhattacharjee 
et al.  2010 ) were found to be attractive cues to cultured neurons. Conversely, a 
soluble linear BDNF gradient serves as a repulsive stimulus to extending axons. 
However, when a  soluble   BNDF gradient is combined with an immobilized laminin 
gradient, the guidance response of the neurite can be manipulated by altering the 
mean concentration of BNDF in the localized area; for example, higher levels of 
 soluble   BNDF overcomes decreasing levels of bound laminin to cause neurites 
growth down the laminin gradient (Joanne Wang et al.  2008 ).    

3.6.3     Fluid Flow 

    The force of  fl uid fl ow on   extending axons can reorient their direction of growth. 
This has been demonstrated using two different sources of fl uid fl ow: microsyringe 
nanopump and photon-driven micromotors. The microsyringe nanopump simply 
ejects fl uid through microtubing placed perpendicular to the direction of original 
neural outgrowth. Thirty-fi ve percent of axons responded to the fl uid fl ow stimuli 
with 78 % of responsive neurons reorienting to align with the direction of fl uid fl ow. 
The average induced turning angle was 40° (Gu et al.  2014 ). 

 Alternatively,  fl uid fl ow in       cell culture      has been generated by a micromotor. 
Circularly polarized light is applied to vaterite beads. The photon’s angular momen-
tum causes the beads to spin, which creates localized microfl uidic fl ow that is sensed 
by the extending axons. Counterclockwise rotation turns extending axons to the left, 
whereas clockwise rotation turns extending axons to the right with average turning 
angles of 30° and 27°, respectively. Redirected growth was exhibited for 42 % of 
neurons (Wu et al.  2012 ).     

3.6.4     Block Cell Printing 

     Block cell printing is a  newer         technique that allows the creation of patterned cell 
arrays.  Using   standard photolithography techniques, a photoresist is patterned into 
an appropriate mold.  Polydimethylsiloxane (PMDS)   is cured within the photoresist 
mold resulting in a BloC-mold with the inverse of the photoresist pattern. This  fi nal 
  BloC-mold consists of narrow channels with small hooks that protrude at regular 
intervals. The  BloC-mold   is then laid onto a culture dish to allow a cell solution to 
fl ow through the channels. Cells get trapped by the hook structures and immobilized 
at specifi c locations then an incubation period without fl uid fl ow allows these cells 
to adhere to the culture dish.  The   BloC-mold can then be removed, leaving behind 
a patterned array of cells (Fig.  3.10 ).
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   Individual primary cortical neurons have successfully been patterned using this 
method. After 14 days of culture in vitro, the cells exhibited normal morphology 
and neurite extension. Altering the spacing and number of hooks allowed for the 
patterning of single and paired neurons that demonstrated highly branched dendrites 
by 7 days in vitro (DIV) (Zhang et al.  2014b ).       

3.7     Subtractive Fabrication 

3.7.1     Photoablation 

     Photoablation is   employed  to         selectively remove areas of deposited material via UV 
light exposure in order to present either positive or negative cues for controlling 
neuronal placement and extension. The light can be broadly applied to the substrate 
through a mask to yield a specifi ed pattern. Alternatively, the light can be employed as 
a focused beam that is directly maneuvered to remove patterned sections of materials. 

 Several materials have been used in photoablation applications for 2D culture envi-
ronments that were patterned using a mask.  Poly-N-isopropylacrylamide (PNIPAM)  , 
which resists cell adhesion, was photoablated into parallel stripes. Cells were found to 
grow, spread, and extend neurites on glass substrates within the confi nes of the  patterned 
  PNIPAM (Bohanon et al.  1996 ). Laminin-coated coverslips were ablated into grid pat-
terns with wider nodes at line intersections. Seeded hippocampal neurons were found to 
adhere preferentially to the unablated laminin, to migrate toward larger areas of sup-
portive laminin, and to extend neurites down the patterned pathways. The maximum 
migration was found for 5 μm lines with 20 μm nodes and 80 μm intersection spacing 

  Fig. 3.10    ( a )  Visualization of fl uid fl ow   and cell trapping process within BloC printing microfl u-
idic chambers and ( b ) process of  BloC printing   including cell trapping for 1 min, cell incubation 
allowing adhesion to substrate for 30 min, and fi nally removal of microfl uidic mold. Adapted from 
Zhang et al. ( 2014b )       
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(Corey et al.  1991 ). Similarly, a layer of  diethylenetriaminepropyltrimethoxysilane   was 
patterned into a growth-permissive grid pattern with higher laser energies, which resulted 
in better pattern compliance (Corey et al.  1996 ). Finally,  poly-lactic-co-glycolic acid 
(PLGA)   was patterned into microgrooves of 5- and 10 μm-widths then coated with 
collagen type I or a laminin peptide. Neurites extended parallel to the microgrooves 
with the smaller grooves resulting in statistically higher and straighter alignment (Yao 
et al.  2009 ). 

 Focused beam-based  photoablation   has been used to create guidance channels 
in 3D PEG-based hydrogels for extending DRG neurites. In this case, the laser was 
manipulated via the 3-axis motions of a mechanical microscope stage. The exposed 
PEG underwent optical breakdown and plasma formation forming complex guid-
ance channels. The resulting channels had elliptical cross sections and their size 
was controlled by laser power. DRG cells extended neurites unidirectionally within 
the PEGylated fi brinogen hydrogel guidance channels, fi lling the entire channel 
volume. Nonneural cells contained within the DRG also migrated into the chan-
nels (Sarig-Nadir et al.  2009 ). Photoablation could also be used to form guidance 
channels in PEGylated gelatin and PEGylated albumin hydrogels. However, nei-
ther gel supported rapid infi ltration into the guidance channels like the fi brinogen-
based hydrogel. This was attributed to the contact guidance and opportunities for 
cellular adhesion associated with fi brinogen (Berkovitch et al.  2015 ). 

 Similarly, a PEG hydrogel system with an incorporated nitrobenzyl ether moiety, 
which can be cleaved using two-photon laser light, enables real-time degradation to 
create guidance channels. Hydrogel encapsulated embryonic stem cell-derived 
motor neurons were able to extend axons along the degraded portions of the hydro-
gel, following the prescribed pathways (McKinnon et al.  2014 ).     

3.7.2     Photothermal Etching 

   Photothermal etching   allows  the         creation of wells, microchannels, and microtunnels 
for constraining neurite network formation by capitalizing on the physical properties 
of agar gels. Agar resists cell adhesion and has a low melting point. Using lasers, 
defi ned patterns are melted into specifi c sections of an agar gel. The melted agar 
diffuses away into the surrounding solid agar gel, leaving a defi ned void. The 
wavelength of the laser affects the type of patterning that can be performed; 
1480 nm lasers ablate through the depth of the gel giving wells and microchannels 
(Fig.  3.11a–c ), whereas 1064 nm lasers cause heating of the chromium layer which 
results in localized melting giving microtunnels (Fig.  3.11d–f ) (Hattori et al.  2004 ). 
The thickness of the microtunnels and the laser power exhibited a linear relationship. 
A typical pattern consists of a series of wells connected by either microchannels or 
microtunnels. Individual cells are seeded into and confi ned within the wells, 
whereas neurites extend down the narrow connecting structures (Moriguchi et al. 
 2004 ). Such intercellular connections can develop within 48 h (Moriguchi et al. 
 2002 ). Even after cell culture has been initiated and network formation has begun, 
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gels can be further manipulated by photothermal etching to redirect neurite growth 
or alter neural connectivity thereby ensuring unidirectional connections (Suzuki 
et al.  2004c ). No detrimental effects on the cultured neurons have been observed 
from additional irradiation as evidenced by new fi ber growth and extension down 
newly added channels and tunnels (Sugio et al.  2004 ; Moriguchi et al.  2004 ).

   Photothermal etching is compatible with  MEAs   for patterning cells (Suzuki et al. 
 2004a ,  b ,  2005 ). Wells designated to house the soma are patterned directly on top of 
electrodes, and further patterning is incorporated to control the neural network that 
forms. Spontaneous fi ring was observed among cells at 7 DIV followed by synchro-
nized electrical activity at 9 DIV. Synapse formation was confi rmed by immunocy-
tochemistry (Suzuki and Kenji  2007 ). 

 Photothermal etching is not limited to 2D applications. This technique was 
used for the culture of rat hippocampal neurons seeded in a 3D collagen gel. 
Using a 1064 nm laser beam, specifi c areas of a collagen gel were effectively 
melted to create nonadherent (etched) zones and growth permissive (unetched) 
regions. In order to guide outgrowth, the area around individual neurons was 
melted with the exception  of   an “unetched bridge” that connected the newly 
isolated neuron to another cell. This “ unetched bridge”   provided the only accept-
able adherent substrate onto which neurites could extend processes. Using this 
procedure, neuronal networks with axo-axonic connections were fabricated after 
5 days of culture that achieved spontaneous fi ring patterns and synaptic trans-
missions. This method may also be utilized to isolate two different cells together, 
such as neurons and glial cells, in order to gain insight into their interactions 
(Odawara et al.  2013 ).   
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  Fig. 3.11    ( a – c ) The fabrication of tunnels during  photothermal ablation   using 1064 nm laser light; 
( d – f ) the creation of voids during photothermal ablation using 1480 nm laser light (Hattori et al.  2004 )       
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3.7.3     Nanoshaving 

       Nanoshaving is  a      form  of    Atomic Force Microscopy (AFM) nanolithography  . The 
 AFM tip   is scanned across a  self-assembling monolayer (SAM)   of PEG in a defi ned 
pattern at high forces, removing the PEG from the gold surface in these regions. 
This removal is performed in a solvent to prevent shaved PEG from reattaching to 
the surface. The shaved pattern is then submersed in a solvent containing adhesive 
proteins for supporting neuronal growth (Fig.  3.12 ). The protein adheres to the 
shaved areas only since PEG intrinsically resists protein adhesion.

   When the patterns were coated with  poly- D -lysine (PDL)   or laminin, neuron 
somas were found to adhere to larger square areas and to extend a single dominant 
process, the axon, down the thin line that connected the squares until it contacted 
the next cell. These axons grew to lengths greater than 40 μm on  patterned   PDL 
and more than 50 μm on patterned laminin. Shorter processes, the dendrites, were 
seen to extend from the cell body but remained localized on the square area (Staii 
et al.  2009 ). Additional experiments showed that axonal extensions followed the 
patterned PDL regardless of directional changes within the pattern. However, there 
was some limitation to PEG’s ability to constrain neuronal overgrowth; if 10 μm 
squares were located within 35 μm of each other, neurons were able to connect to 
each other by extending over the intact PEG SAM (Staii et al.  2011 ).         

3.8     Optical Guidance 

3.8.1     Laser Micromanipulation 

     Laser micromanipulation      utilizes  weak   optical forces to guide the direction of 
growth cone advancement. A light beam is steered such that half of the laser spot 
remains localized on the edge of the lamellipodium while the other half extends in 
the direction of desired neurite extension allowing the user direct control over the 

  Fig. 3.12    ( a ) The removal of  PEG   via the force applied by an  AFM tip   and ( b ) the adsorption of 
the protein of interest to the nanoshaved surface (Staii et al.  2009 )       
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trajectory of neuronal growth. It is thought that the gradient forces of the infrared 
light beam cause lamellipodia extension by actin polymerization to become biased 
in the direction of the applied laser spot (Koch et al.  2004 ). A variety of different 
wavelengths can be implemented during the laser micromanipulation process 
without any appreciable effect on the guidance outcome (Stevenson et al.  2006 ). In 
addition, the development and integration of programs that are capable of real- time 
shape detection and feedback mechanisms enables the automation of the laser 
micromanipulation steering process (Stuhrmann et al.  2005 ; Carnegie et al.  2009 ). 

 This technique has shown an 85 % success rate in instigating guided turns of 
actively extending growth cones. The lamellipodia extension rate temporarily 
increased from 7 to 37.5 μm/h denoting an enhanced rate of outgrowth. While the 
effects of the applied light beam were localized and temporary, the overall change 
in cellular morphology was permanent (Ehrlicher et al.  2002 ,  2007 ). 

 Laser micromanipulation is not limited to two-dimensional environments. PC12 
cells seeded in a 3D collagen matrix were successfully reoriented with an 80 % suc-
cess rate. The neurites changed their trajectory by an average of 52° and exhibited 
an increased growth rate, moving at 0.74 μm/min compared to 0.37 μm/min for 
control cells. These observable trends were achieved within 30 min of light stimulus 
application (Graves et al.  2009 ).     

3.8.2     Optical Tweezers 

    Similar to laser micromanipulation,        optical   tweezers rely on the application of a 
beam of light to a neural structure; however, optical tweezers require a more tightly 
focused beam and increased gradient forces within their optical trap. This technique 
induces cellular detachment from the substrate and translocation by directing the 
motion of the laser beam’s focal point (Fig.  3.13 ). Essential to transfer success is the 
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  Fig. 3.13    A depiction of 
the forces utilized in 
 optical tweezing   to deposit 
cells out of suspension to a 
specifi c substrate locations 
(Pirlo et al.  2006 )       
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initial seeding of neurons on a nonadhesive substrate, as the optical forces produced 
by the tweezers are insuffi cient to overcome signifi cant cellular focal adhesions 
(Townes-Anderson et al.  1998 ).

   Experiments performed on embryonic chick forebrain neurons confi rmed the 
validity of optical tweezers for manipulating delicate cell types. Cell viability was 
unaffected by the duration and laser power required for transportation (Rosenbalm 
et al.  2006 ).  Neuron cell morphology   exhibited no adverse reaction to the process as 
normal neurite extension occurred for over 7 days (Pirlo et al.  2006 ). Results from 
optical tweezing of retinal neurons showed similar success in maintaining viability 
and morphology. Electron microscopy confi rmed that organelle structure remained 
intact after manipulation (Townes-Anderson et al.  1998 ). Evaluation of laser param-
eters on hippocampal neurons elucidated a linear relationship between beam power 
and speed of translation and determined that shorter wavelength irradiation is less 
damaging to the cell. Optical tweezers were also used to move neurons into plastic 
“cages” denoting that translation in the  z -direction is possible (Pine and Chow 
 2009 ).     

3.8.3     Ultrafast Laser Microbeams 

     Ultrafast laser microbeams      use  pulsed   light as an attractive cue to advancing axons. 
Cortical neurons exposed to near infrared light at a distance of 15 μm from their 
growth cone exhibited varied response depending on the stimulus: 45 % demon-
strated an attraction to a pulsed microbeam whereas only 8.3 % were attracted to the 
sham and 13.5 % to continuous wave conditions. Attracted fi lopodia would change 
their path trajectory until they neared the beam spot at which point they would halt 
and continuously sample the beam spot environment (Mathew et al.  2010 ). It is 
proposed that neurons interpret the pulsing light as nearby cells with which they 
desire to interact.     

3.8.4     Neuronal Beacon 

    The neuronal  beacon    method      utilizes a spot of low power, near infrared light as a 
noncontacting repulsive cue to extending axons. The beam is placed asymmetrically 
in the path of an advancing axon approximately 5 μm from the fi lopodia and is held 
static during each turning event. As the axon senses the repulsive cue, it deviates 
from its initial path to avoid the light (Fig.  3.14 ) (Black et al.  2013 ). It is believed 
that this is a photothermal phenomenon in which fi lopodia sense and respond to a 
laser induced thermal gradient.

   When a neuronal beacon was applied to goldfi sh retinal ganglion cells, the axo-
nal directionality was altered by an average of 51.1°. The directionality shift 
occurred most rapidly during the fi rst 5–10 min of stimulus application and satu-
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rated after 15 min. After removal of the light source, axons proceeded to extend in 
a straight line along their new path with growth rates similar to their pre-exposure 
speed. Multiple manual repositionings of the laser spot allowed dynamic control 
over the axon’s path; turning angles of up to 120° and over 90 μm were achieved 
(Black et al.  2014 ). Neuronal beacons have also been applied to rat cortical neurons 
to induce axonal loop formation and self-fasciculation. Loops with radii of curva-
ture smaller than typically seen naturally were successfully fabricated. Laser spots 
with a line profi le as well as repetitive application of light stimuli maintained effec-
tiveness as a repulsive cue (Mondal et al.  2014 ).      

3.9     Magnetic Applications 

3.9.1     Magnetic Fields 

    Externally applied  magnetic   fi elds  have      been utilized to induce axonal extension 
from neurons in culture with contradictory results. For example, a pulsed magnetic 
fi eld was shown to induce increased neurite outgrowth from DRG explants in a 
direction parallel to the applied fi eld (Macias et al.  2000 ). Contrarily, human neuro-
nal SH-SY5Y and PC12 cells exhibited dystrophic neurite outgrowth parallel to the 
magnetic fi eld while outgrowth perpendicular to the applied fi eld was enhanced 
(Kim et al.  2008 ).     

3.9.2     Magnetic Fiber Alignment 

    Magnetic  fi elds   can  cause      the fi bers of a gel to align parallel to the applied force. 
Neurons cultured in gels that are undergoing fi brillogenesis will standardly 
extend neurites in the same direction. Magnetic fi elds have been applied to both 

  Fig. 3.14    A visualization 
of the repulsive nature of 
the  neuronal beacon  . 
Adapted from Black et al. 
( 2014 )       
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collagen and fi brin gels to align their fi bers for guidance of cellular processes. 
DRG neurite extensions within such gels was found to have biased growth in a 
direction that correlated with the axial direction of the underlying fi bers as well 
as an increased rate of elongation (Dubey et al.  1999 ). Similarly, fi brin could be 
used to orient neurite outgrowth but only at fi bril diameters greater than 460 nm 
(Dubey et al.  2001 ). Alternatively, nickel nanowires suspended in a solution 
have been applied to a substrate then aligned using a magnetic fi eld. DRGs cul-
tured on these substrates exhibit contact guidance along the wires (Johansson 
et al.  2010 ).     

3.9.3     Magnetic Nanoparticles 

     Iron oxide  nanoparticles    included         in culture media can be taken up by neuronal 
cells via an endocytotic-like pathway and become trapped in the cellular cyto-
plasm. Under the infl uence of a magnetic fi eld, these nanoparticles provide ten-
sion to specifi c areas inside the cell that encourages growth along the axis of the 
magnetic fi eld (Riggio et al.  2014 ). Nanoparticles doped with cell adhesion mol-
ecules, which can be localized to the cell membrane, have been used to apply 
tension to the surface of a cell. The application of 3–6 pNs of force was shown 
to be signifi cant enough to direct initiation of fi lopodia elongation parallel to the 
magnetic fi eld (Pita-Thomas et al.  2015 ). Magnetic nanoparticles coated with 
poly- L -lysine are less cytotoxic to cells than their iron oxide counterparts and 
are capable of promoting neural cell migration toward a magnetic source (Riggio 
et al.  2012 ).       

3.10     Electric Fields 

     Electric fi elds can be   applied  to      neuronal cultures to alter the direction of neurite 
outgrowth as well as to cause cell migration. Experiments performed on   Xenopus 
larvis  neurons   consistently show a cathodal growth preference for neurite outgrowth 
(Patel and Poo  1982 ; McCaig  1986 ), regardless of fi lopodial presence (McCaig 
 1989 ) or type of electrical source (Patel and Poo  1984 ; Graves et al.  2011 ). 
Embryonic chick DRG neurons (Jaffe and Poo  1979 ) and neurons from frog 
embryos (Hinkle et al.  1981 ) also exhibit primarily cathodal growth. However, this 
trend does not hold true for all neuronal cell types. Rat hippocampal neurons 
(Rajnicek et al.  1992 ) and embryonic chick sympathetic neurons (Pan and Borgens 
 2010 ,  2012 ; Pan et al.  2012 ) orient themselves perpendicularly to the applied fi eld. 
Embryonic zebrafi sh neurons are not affected by an electric stimulus (Cormie and 
Robinson  2007 ). It is apparent from the discrepancy within the literature that the use 
of an electric fi eld for specifi c neuronal guidance depends both on the cell type and 
the mode of electric fi eld application. 
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 The combination of electric fi elds with other stimuli can enhance and alter 
the effect on neurite outgrowth. The use of chondroitin sulfate proteoglycans 
(Erskine and McCaig  1997 ), brain-derived neurotropic factor, and neuro-
trophin-4 in culture medium can enhance axonal reorientation toward the cath-
ode. Interestingly, neurotrophin-3 has a dual effect on neurites; it will induce 
anodal turning at low electric fi eld strength and cathodal turning at higher elec-
tric fi eld strength (McCaig et al.  2000 ). Another factor to consider is the charge 
of the substrate, which can play a role in the effect of the electric fi eld: posi-
tively charged substrates encouraged growth toward the anode while negatively 
charged substrates enhanced growth toward the cathode (Rajnicek et al.  1998 ). 
For example, the coculture of astrocytes and DRGs under an electric fi eld 
induced a specifi c orientation of the astrocytes and subsequent alignment of 
extending neurites (Alexander et al.  2006 ). Meanwhile, the combination of elec-
tric fi elds and electrospun fi bers (Koppes et al.  2014 ) or Schwann cells (Koppes 
et al.  2011 ) gives increased outgrowth but did not affect directional guidance. 
Electric fi elds have also been shown to be incapable of overcoming the neurite 
guidance provided by microcontact-printed laminin (Britland and McCaig 
 1996 ). 

  Hippocampal neurons   will respond to a DC electric fi eld by migrating toward the 
cathode. This directed motion occurs above 120 mV/mm, a physiologically relevant 
value, with cell directedness increasing in conjunction with the strength of the 
applied electric fi eld. Switching the polarity of the fi eld reverses the migratory 
direction of the cell population (Yao et al.  2008 ).  MEAs   have been used to induce 
the electrical stimuli, resulting in cell migration and clustering around the stimulat-
ing electrode. This effect was exhibited after 3 weeks in culture alone (Jun et al. 
 2007b ) or after 1 week in coculture of neurons with astrocytes (Jeong et al.  2009 ).     

3.11     Comparison of Methods 

 Table  3.1  provides an overview of the methods presented herein for manipulation of 
neuronal location and network formation. Those methods marked with “Ease of 
Pattern Alteration” denote techniques in which the engineered pattern was controlled 
manually or could be changed without additional mask or stamp fabrication steps.

   By perusing the table, it should be evident that no single method has successfully 
recapitulated a neuronal network to meet all of the design constraints of the in vivo 
neural environment. As such, future investigations of neurite guidance should look not 
only to newly proposed guidance methods but also incorporate aspects of those meth-
ods already in use in a way that harnesses their strengths while circumventing their 
individual shortcomings. The design requirements, as defi ned by the desired outcome, 
will ultimately infl uence which methods can be implemented in an experiment. 
Therefore, it is important for an investigator to fully understand the fi nal goal before 
selecting and pursuing a specifi c fabrication technique. 
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   Table 3.1    A comparison of the characteristics for the discussed in vitro neural engineering 
techniques   

      

 Engineering neuronal connectivity in vitro provides investigators with the oppor-
tunity to simplify experimental parameters for general scientifi c gain, make 
advances in tissue engineering and neural medical devices, and improve HTS plat-
forms. Methods utilizing topography, printing procedures, photolithography, micro-
fl uidics, subtractive fabrication techniques, optical cues, and magnetic and electric 
fi elds have all been demonstrated as viable options for creating desired patterns of 
soma placement and neurite outgrowth, though each comes with its specifi c advan-
tages and disadvantages as well as fabrication constraints.     
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    Chapter 4   
 Building Blocks for Bottom-Up Neural Tissue 
Engineering: Tools for In Vitro Assembly 
and Interrogation of Neural Circuits                     

     Stephanie     Knowlton*     ,     Dan     Li*     ,     Fulya     Ersoy    ,     Yong     Ku     Cho     , 
and     Savas     Tasoglu    

4.1            Introduction 

  Bottom-up tissue engineering   approaches provide unique opportunities to investi-
gate the formation and dynamics of neural circuits. Given the fact that spatial orga-
nization of cells with specifi c morphological, electrophysiological, and biochemical 
properties is a defi ning feature of neural circuits, bottom-up strategies are a promis-
ing tool in gaining mechanistic understanding of the role of spatial organization of 
cell types. Moreover, by controlling the cell density and matrix composition, struc-
tures assembled in vitro can have signifi cantly lower light scattering, allowing high- 
resolution, high-speed optical imaging not possible in intact tissues. These features 
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of bottom-up assembly approaches make them an attractive model system for prob-
ing molecular function in disease models, and also potentially in identifying the 
origin of emergent properties in neural circuits. 

 The recent emergence of various three-dimensional (3D)  models   primarily using 
a mixture of primary cells or single cell types derived from stem cells (Knowlton 
et al.  2016 ) suggest the possibility of assembling more sophisticated 3D structures 
that resemble their cognate state. For example,    3D cultures of human umbilical cord 
blood-derived neural stem cells formed neural organoids that differentiated into 
mature neurons and formed functional synaptic connections not found  in   two- 
dimensional (2D) cultures (Jurga et al.  2009 ). Functional synapse formation in 3D 
neuronal culture systems have been reported in other studies and showed connectiv-
ity at similar or earlier time points compared to 2D systems (O’Shaughnessy et al. 
 2003 ; van Vliet et al.  2007 ). 3D cultures of neural stem cells also showed improved 
cell viability and neuronal differentiation effi ciency compared to 2D models 
(Brannvall et al.  2007 ; Peretz et al.  2007 ; Serra et al.  2009 ). In addition, 3D culture 
systems have shown great potential for rapidly assessing the impact of compounds 
or monitoring toxicity in neural cells (Forsby et al.  2009 ; Gassmann et al.  2012 ). In 
order to fully realize these potentials, we need tools to assemble the desired cell 
types in defi ned 3D patterns and to monitor and modulate the functional activity in 
situ. This chapter discusses molecular tools that enable systematic interrogation of 
neuronal circuits and assembly methods to create 3D structures with complex cell 
types. Together, these tools will greatly enhance the capabilities of 3D neural mod-
els and enable experiments not possible in existing models.  

4.2     Molecular Tools for Probing Neuronal Function 

4.2.1     Genetically Encoded Tools: Detecting and Controlling 
Neural Activity in Defi ned Cell Types 

     Genetically encoded tools         are proteins that, when expressed, act as indicators and 
actuators of neuronal function (Schmidt and Cho  2015 ; Emiliani et al.  2015 ). 
Proteins encoded by a promoter with the purpose of measuring and controlling 
physiological functions of neural cells have been extremely powerful in studying 
the intact brain. This is due to the fact that cell-type-specifi c promoters can be used 
to drive their expression, enabling optical imaging and control of specifi c cell types 
within the context of the living brain (Cho  2015 ).  Cell-type-specifi c expression   of 
these tools allows the readout of their activities during cognition and behavior, as 
well as the causal impact of their activity on these complex brain functions. These 
genetically encoded tools have several advantages over existing chemical-based 
detection and modulation reagents. Genetically encoded tools are expressed only in 
the cell type of interest, reducing background signal.  Transgenic model   organisms 
expressing these tools in defi ned cell types can be generated (Madisen et al.  2012 , 
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 2015 ). Also, their expression may be spatially and temporally regulated, providing 
ways to detect and control cells based on developmental lineage (Petreanu et al. 
 2007 ), axonal projection (Osakada et al.  2011 ), and potentially synaptic connectiv-
ity (Lo and Anderson  2011 ; Wickersham et al.  2007 ). Moreover, the expression of 
genetically encoded tools can be sustained over a period of weeks to months 
(Ivanova and Pan  2009 ), while chemicals diffuse and lose signal over time.    

4.2.1.1     Genetically Encoded Indicators of Neuronal Activity 
and Signaling 

    In general, genetically encoded  indicators         contain a ligand binding domain or a 
sensing domain fused to a reporter domain based on fl uorescent proteins. The ligand 
binding or change in biophysical environment (e.g., membrane voltage) is coupled 
to change in fl uorescence intensity or fl uorescence resonance energy transfer 
(FRET) effi ciency. Examples include indicators of calcium (Nakai et al.  2001 ; Chen 
et al.  2013 ; Miyawaki et al.  1997 ), glutamate (Okumoto et al.  2005 ; Hires et al. 
 2008 ), pH (Miesenbock et al.  1998 ), and chloride (Arosio et al.  2010 ) (Table  4.1 ). 
The measurement of these ions and metabolites allows the detection of various 
aspects of neuronal function (Table  4.1 ). Intracellular calcium level in neurons is a 
good proxy of action potentials, since fi ring action potentials leads to a large cal-
cium infl ux through voltage-gated calcium channels (Tank et al.  1988 ; Muller and 
Connor  1991 ). For this reason,  calcium indicators   are widely used to monitor the 
activity of neuronal cells. Over the past two decades,  genetically encoded calcium 
indicators (GECI)   have been a subject of extensive optimization, resulting in a 
GECI with signal-to-noise ratio higher than that of widely used chemical calcium 
indicators (Chen et al.  2013 ). In addition, GECIs with a wide range of spectral sen-
sitivity have been developed including blue (Zhao et al.  2011 ) and red (Zhao et al. 
 2011 ; Akerboom et al.  2013 ) fl uorescent indicators.

   Even though calcium transients in neurons are a widely used proxy for neural 
activity (i.e., the frequency and duration of action potentials), calcium imaging can-
not detect hyperpolarization and subthreshold changes in membrane voltage. An 
alternative approach is to measure membrane voltage directly. Therefore, an area of 
intense investigation is the development of  genetically   encoded voltage indicators 
(GEVIs). Recent advances in genetically encoded voltage indicators enable high 
signal-to-noise ratio and fast response rate that enable accurate measurement of 
membrane potential change as well as subthreshold events (Jin et al.  2012 ; 
Hochbaum et al.  2014 ; St-Pierre et al.  2014 ) (Table  4.1 ). These proteins utilize 
voltage- sensitive transmembrane domains of voltage-gated ion channels or rhodop-
sins that shift their conformation upon membrane potential change.    GEVIs using 
voltage-sensitive transmembrane domains fused to fl uorescent proteins have high 
signal-to-noise ratios, with variants such as ASAP1 having millisecond timescale 
response times (St-Pierre et al.  2014 ). GEVIs based on rhodopsins have orders of 
magnitude lower quantum yield, requiring high light powers to image, but do not 
photobleach and have submillisecond response kinetics (Kralj et al.  2012 ). 
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     Table 4.1    Representative molecular tools for sensing  neural activity     

 Sensing 
target  Name  Identity  Notable features  References 

  Calcium    GCaMP  Circularly permuted 
GFP (cpGFP) fused to 
calmodulin (CaM) 

 Monitoring 
intracellular free 
calcium level; 
detection of action 
potential in neurons 
using intracellular 
calcium level as a 
proxy; single spike 
detection without 
averaging trials 

 Nakai et al. 
( 2001 ), Chen 
et al. ( 2013 ) 

 RCaMP  Circularly permuted 
mRuby fused to CaM 

 Red fl uorescent 
variant 

 Akerboom 
et al. ( 2013 ) 

 R-GECI  Circularly permuted 
mPlum fused to CaM 

 Red fl uorescent 
variant 

 Wu et al. 
( 2013 ) 

  Membrane 
voltage   

 ArcLight  The voltage-sensing 
domain of  C. 
intestinalis  voltage- 
sensitive phosphatase 
(ci-VSP) fused to 
super ecliptic 
pHluorin GFP 

 Single spike 
detection without 
averaging trials; 
detection of 
subthreshold events 
in dendritic segments 

 Jin et al. 
( 2012 ) 

 ASAP1  cpGFP fused to VSP 
from  G. gallus  

 Single spike 
detection without 
averaging trials; 
detection of 
subthreshold events 
and 
hyperpolarization 

 St-Pierre 
et al. ( 2014 ) 

 QuasAr  Mutant of 
Archaerhodopsin-3 
from  H. sodomense  

 Submillisecond 
kinetics; single spike 
detection without 
averaging trials; 
detection of 
subthreshold events 
and 
hyperpolarization 

 Hochbaum 
et al. ( 2014 ), 
Kralj et al. 
( 2012 ) 

  Chloride    Clomeleon  Fusion of chloride- 
sensitive yellow 
fl uorescent protein 
with a chloride- 
insensitive cyan 
fl uorescent protein 
(CFP) 

 Intracellular chloride 
level (neuronal 
excitability) 

 Kuner and 
Augustine 
( 2000 ) 

 ClopHensorN  Cl −  and pH-sensitive 
GFP mutant fused to 
tdTomato 

 Assessed in 
hippocampal slices 

 Raimondo 
et al. ( 2013 ) 

(continued)
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 Future development useful in characterizing neural cells include multicolor 
detection of membrane voltage in distinct cell types, as has been demonstrated for 
intracellular calcium imaging (Akerboom et al.  2013 ). Genetically encoded sensors 
for key metabolites and neurotransmitters such as neuropeptides may enable moni-
toring and observation of the chemical diversity of neuronal connections.     

4.2.1.2     Genetically Encoded Tools for Controlling Neural Circuit 
Function 

    A key development in the  past         decade was the use of light-gated ion channels in 
neurons to control their membrane potential (Boyden  2011 ; Boyden et al.  2005 ). 
When expressed in neurons, channelrhodopsins, light-gated ion channels originally 
found in green algae, enable the depolarization of membrane potential over the 
threshold of voltage-gated sodium channels, initiating action potentials (Boyden 
et al.  2005 ). The millisecond timescale kinetics of channel opening and closing 
enables precise generation of action potentials with single spike resolution (Boyden 
et al.  2005 ). On the other hand, light-driven ion pumps, such as halorhodopsins and 
archaerhodopsins, result in hyperpolarization when illuminated, enabling light- 
mediated neural silencing (Chow et al.  2010 ; Han and Boyden  2007 ). With the 
discovery and development of new variants of these proteins, it is now possible to 
use different colors of light to independently activate or silence distinct populations 
of neurons (Schmidt and Cho  2015 ; Klapoetke et al.  2014 ) (Table  4.2 ). These fea-
tures will be greatly valuable in assessing the functional connectivity of neurons 
assembled in cultured model systems (Tonnesen et al.  2011 ).   

4.2.1.3        Simultaneous Control and Imaging Using Genetically 
Encoded Tools 

    Traditional  electrophysiological         characterizations provide rich information on the 
electrical activity of neural cells. However, the throughput of electrophysiology is 
restricted to a few cells at a time. High-throughput electrophysiology requires 

Table 4.1 (continued)

 Sensing 
target  Name  Identity  Notable features  References 

  pH    synaptopHluorin  pH-sensitive mutant 
of GFP 

 Monitor vesicle 
exocytosis and 
recycling 

 Miesenbock 
et al. ( 1998 ), 
Gandhi and 
Stevens 
( 2003 ) 

  Glutamate    SuperGluSnFr  CFP and Citrine fused 
to glutamate 
periplasmic binding 
protein GltI 

 Time course of 
synaptic glutamate 
release, spillover, and 
reuptake in 
hippocampal neurons 

 Hires et al. 
( 2008 ) 
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disruptive physical interrogation that may be hard to control, especially in 3D space. 
Therefore, optical imaging and control methods are highly attractive tools in char-
acterizing in vitro 3D model systems. Given the availability of optogenetic tools for 
both imaging and controlling neural activity, there is a great interest in combining 
these tools for simultaneous optical control and modulation. 

 Several such examples have shown the importance of understanding the bio-
physical properties of these tools to enable simultaneous optical control and imag-
ing. For example, it was demonstrated that calcium sensors based on red fl uorescent 
proteins such as  RCaMP   and  R-GECI   can be coexpressed with channelrhodopsins 
to allow optical activation while imaging calcium transients in neurons (Akerboom 
et al.  2013 ; Wu et al.  2013 ). These experiments revealed that R-GECI can be tran-
siently photoactivated by blue light, generating an artifi cial increase in its red fl uo-
rescence (Akerboom et al.  2013 ; Wu et al.  2013 ). Interestingly, RCaMP did not have 
this blue-light-mediated photoactivation, enabling reliable measurement of small 
calcium transients (Akerboom et al.  2013 ). Another study coexpressed rhodopsin- 
based GEVIs with channel rhodopsins to enable all-optical electrophysiology in 
neurons (Hochbaum et al.  2014 ). This study showed that even though channel rho-
dopsins have negligible absorbance of red light, intense illumination with 640 nm 

   Table 4.2    Representative molecular tools for controlling  neural activity     

 Function  Name  Identity  Notable features  Reference 

 Neuronal 
activation 

 Channelrhodopsin-2 
(ChR2) 

 Channelrhodopsin-2 
from  C. reinhardtii  

 Light-gated cation 
channel 

 Nagel et al. 
( 2003 ) 

 Chrimson  Channelrhodopsin 
from  C. noctigama  

 Red light sensitive 
channelrhodopsin 

 Klapoetke 
et al. ( 2014 ) 

 Chronos  Channelrhodopsin 
from  S. helveticum  

 Fast kinetics, high 
blue light 
sensitivity 

 Klapoetke 
et al. ( 2014 ) 

 CheRiff  Channelrhodopsin 
from  S. dubia  

 High blue light 
sensitivity, reduced 
red 
cross-activation 

 Hochbaum 
et al. ( 2014 ) 

 Neuronal 
inhibition 

 eNpHR  Halorhodopsin from 
 N. pharaonis  

 Light-induced 
inward chloride 
pump 

 Zhang et al. 
( 2007 ) 

 Arch  Archaerhodopsin-3 
from  H. sodomense  

 Light-driven 
outward proton 
pumps 

 Chow et al. 
( 2010 ) 

 Jaws  Cruxhalorhodopsin 
from  H. salinarum  

 Light-induced 
inward chloride 
pump with high 
red sensitivity 

 Chuong et al. 
( 2014 ) 

 ChloC, iC1C2  Channelrhodopsin 
mutants conducting 
chloride 

 Light-gated inward 
chloride channel 

 Wietek et al. 
( 2014 ), 
Berndt et al. 
( 2014 ) 
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light can cause channel opening, leading to depolarization. Through molecular 
engineering, a channel rhodopsin named CheRiff with high blue sensitivity with 
minimal red-light-driven activity was developed, allowing simultaneous optical 
imaging and activation (Hochbaum et al.  2014 ). Even though these tools have not 
been tested in 3D in vitro model systems, they are expected to enable high- resolution, 
high-content imaging that is highly scalable to analyzing large numbers of cells, 
providing an ideal tool for bottom-up neural tissue engineering.       

4.3     Biofabrication Methods 

   Bottom- up      manipulation and assembly strategies hold great promise in creating 
highly complex tissue architectures. Among these microassembly strategies, the 
basic physical principles of magnetics (Mirica et al.  2011 ; Tasoglu et al.  2013a , 
 2014a ,  2015 ; Xu et al.  2011a ; Grzybowski et al.  2000 ; Snezhko and Aranson  2011 ), 
acoustics (Guo et al.  2015 ; Chen et al.  2014 ), and self-assembly (Tasoglu et al. 
 2014a ; Bowden et al.  1997 ,  1999 ; Grzybowski et al.  2009 ; Wolfe et al.  2003 ; 
Zamanian et al.  2010 ) have been widely used and studied to form complex tissue 
constructs (Guven et al.  2015 ; Gurkan et al.  2012 ; Tasoglu et al.  2013b ). Furthermore, 
there has been a growing interest in applying 3D bioprinting strategies to develop 
3D tissue models (Tasoglu and Demirci  2013 ; Knowlton et al.  2015 ). Here, we 
review emerging bioprinting and microassembly methods which have been or may 
be applied to neural tissue engineering.   

4.3.1     Bioprinting 

   Bioprinting is a  revolutionary      biofabrication technique which provides a high level 
of control over the geometry of the cellular scaffold. This relatively new and rapidly 
developing technology involves conversion of a virtual computer-aided design 
(CAD) model into a living tissue by depositing scaffolds or cells in a layer-by-layer 
fashion. The capability of precise deposition of cell-encapsulating materials makes 
bioprinting a broadly applicable and versatile biofabrication approach for 3D bio-
logical modeling, tissue engineering, and regenerative medicine. Bioprinting has 
three fundamental goals: biomimicry, creation of tissue building blocks, and self- 
assembly (Tasoglu and Demirci  2013 ; Knowlton et al.  2015 ; Murphy and Atala 
 2014 ). Tissue fabrication via bioprinting generally follows sequential design steps 
including imaging of the native tissue, 3D CAD modeling of the tissue geometry, 
material and cell type selection, and printing of the tissue structure. Here, we review 
the most commonly used bioprinting technologies, that is, inkjet, microextrusion, 
and laser-assisted approaches (Fig.  4.1 ) (Murphy and Atala  2014 ).  
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4.3.1.1       Inkjet Bioprinting 

   The inkjet printer, which  ejects      and deposits a controlled volume of liquid onto 
receiving surfaces, is the most broadly applied bioprinting technology in both bio-
logical and nonbiological fi elds (Tasoglu et al.  2013b ,  2010 ; Tasoglu and Demirci 
 2013 ; Knowlton et al.  2015 ; Muradoglu and Tasoglu  2010 ). Inkjet bioprinters were 
fi rst constructed by modifying commercial 2D printers (Xu et al.  2008a ,  b )—an 
adjustable stage was positioned to control movement along the  z -axis, which allows 
fabrication along a third dimension in addition to the  x - and  y -axes. To extend the 
technology to bioprinting, cartridge inks were replaced with biological materials—
either  extracellular matrix (ECM) components   or cells encapsulated in a fl uid mate-
rial (Xu et al.  2008a ,  b ; Klebe  1988 ). In two different approaches to inkjet bioprinting, 
either thermal or acoustic forces are applied to eject liquid droplets onto a substrate. 
Thermal systems use an electrically heated print head, while acoustic systems use 
either piezoelectric crystals or an ultrasound fi eld to create acoustic waves which 
trigger the ejection of droplets (Tekin et al.  2008 ). The heating used for droplet 
production in thermal systems is reported to have a negligible effect on the viability 
and stability of the cells and biological molecules (Murphy and Atala  2014 ). 

 Inkjet printers have several advantages over other 3D printing techniques, includ-
ing low cost, high speed and resolution, wide availability, and high material compat-
ibility (Murphy and Atala  2014 ; Muradoglu and Tasoglu  2010 ; Tasoglu et al.  2010 ). 
There are some drawbacks associated with the technology such as droplet direction-
ality and size uniformity. Further, the raw printing material must be in a liquid phase 
with low viscosity (limited to 10 centipoise). However, the main challenge is clog-
ging of the nozzle, which limits the ability to achieve biologically signifi cant cell 
densities (greater than 10 million cells/mL). 

 There have been several notable clinical applications of inkjet bioprinting. High- 
speed printing has been developed into a method to deposit cells directly onto skin 

  Fig. 4.1    Components of inkjet, microextrusion, and laser-assisted bioprinters. ( a ) To force drop-
lets from the nozzle, thermal inkjet printers use  air pressure pulses   produced by an electrically 
heated printhead. On the other hand, acoustic printers use piezoelectric or ultrasound pressure 
pulses. ( b ) Pneumatic or mechanical (piston or screw) dispensing systems are used in  microextru-
sion printers   to eject continuous droplets of material and/or cells. ( c ) In  laser-assisted printers  , 
lasers focused on an absorbing substrate create pressure that propels cell-encapsulated materials 
onto a collector material. Reprinted by permission from Macmillan Publishers Ltd: Nature 
Biotechnology (Murphy and Atala  2014 ), copyright 2014.       
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(Skardal et al.  2012 ) or cartilage (Cui et al.  2012 ) lesions, promoting functional 
regeneration in the defected area. Bone constructs have also been fabricated by 
inkjet printing and matured in an incubator before implanting into a mouse (De 
Coppi et al.  2007 ). These applications demonstrate the great potential of inkjet bio-
printing to regenerate functional tissue structures.    

4.3.1.2     Microextrusion Bioprinting 

   Similar to the inkjet printer,  the      microextrusion printer is capable of movement 
along the  x ,  y , and  z  axes and layer-by-layer deposition of a material on a substrate. 
But, in contrast to the liquid droplet formation by inkjet bioprinters, microextrusion 
printers extrude a continuous effl ux of material onto the substrate. The extruder is 
controlled by CAD–CAM software and moves in two dimensions across a stage 
where liquid is deposited. Then, either the microextrusion head or the stage moves 
along the  z  axis to build a 3D structure. The most broadly applied methods to eject 
biological materials are pneumatic (Khalil and Sun  2007 ; Chang et al.  2008 ,  2011 ; 
Fedorovich et al.  2009 ) and mechanical (piston or screw) (Visser et al.  2013 ; Cohen 
et al.  2006 ; Jakab et al.  2006 ) dispensing systems (Murphy and Atala  2014 ). 
Pneumatic dispensing systems are advantageous due to simpler extrusion mecha-
nism elements, but experience a delay due to the compression of gas which is used 
to eject liquid from the nozzle. On the other hand, mechanical dispensing systems 
have smaller and more complicated components which bring greater spatial control 
but have limited maximum force capacities (Murphy and Atala  2014 ). 

 A myriad of materials are adaptable to microextrusion printing, including bio-
compatible hydrogels, cell encapsulating polymer solutions, high viscosity materi-
als, and high cell density solutions (including cell spheroids) (Murphy and Atala 
 2014 ; Jones  2012 ). However, cell viability after fabrication via microextrusion bio-
printing is lower than viability following inkjet bioprinting due to the shear stress 
applied to cells suspended in viscous fl uids during the extrusion process (Chang 
et al.  2008 ). It is possible to obtain favorable cell viability using low dispensing 
pressures and large nozzle sizes (though dispersing pressure has a more consider-
able effect on viability than nozzle diameter) (Chang et al.  2008 ; Nair et al.  2009 ). 
However, altering these parameters can negatively impact the resolution and print 
speed. A multitude of tissue types have been fabricated successfully via microextru-
sion bioprinting including branched vascular trees (Norotte et al.  2009 ), aortic 
valves (Duan et al.  2013 ), and in vitro tumor models (Knowlton et al.  2015 ; Xu et al. 
 2011b ).    

4.3.1.3     Laser-Assisted Bioprinting 

   The  laser-assisted bioprinting (LAB) system   is  based   on laser-induced forward 
transfer—laser pulses are applied to a donor substrate to transfer biological materi-
als to a collector substrate. A typical LAB system has a pulsed laser beam, a 
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focusing system, a “ribbon” with a donor transport support covered by a laser 
energy-absorbing layer (e.g., gold or titanium), and a layer of biological material in 
a liquid solution (Miyawaki et al.  1997 ; Okumoto et al.  2005 ). LAB works by apply-
ing focused laser pulses through the absorbing layer to produce high-pressure bub-
bles which push biological material on the opposite side toward the substrate in the 
form of drops. 

 This technique has been successfully performed with peptides, DNA, and cells. 
There is a high acceleration and deceleration during droplet formation, but this has 
been shown to cause only minimal phenotypic damage and viability loss (Ringeisen 
et al.  2004 ; Chrisey  2000 ). LAB’s nozzle-free design remedies the clogging prob-
lem associated with inkjet bioprinting and it is compatible with higher viscosity 
materials (1–300 mPa/s) (Guillotin and Guillemot  2011 ). LAB is also able to deposit 
cells at higher densities of up to 10 8  cells/mL (Guillotin and Guillemot  2011 ) where 
inkjet printers are limited to below 10 6  cells/mL (Murphy and Atala  2014 ) and 
microextrusion printers may use around 5 × 10 6  cells/mL (Fedorovich et al.  2009 ; 
Visser et al.  2013 ; Cohen et al.  2006 ). Further, LAB has achieved high-resolution 
bioprinting with only a single cell per drop (Guillotin et al.  2010 ). With these fea-
tures, LAB is a step ahead of inkjet and microextrusion printers in terms of its abil-
ity to print mammalian cells, which is critical for solid organ bioprinting. But, this 
high resolution presents a drawback due to the requirements for rapid gelation 
kinetics and low overall fl ow rate. Flexibility is limited since any change in material 
or cell type requires preparation of a new ribbon. Another complication is metal 
contamination in the fi nal product due to vaporization of metal laser-absorbing 
layer; however, this issue can be addressed by using a nonmetallic laser-absorbing 
layer or designing a printing process which does not require an absorbing layer 
(Guillotin and Guillemot  2011 ; Duocastella et al.  2010 ; Kattamis et al.  2007 ). 

 Fabrication of cellularized skin structure (Michael et al.  2013 ) with a layered tis-
sue architecture comprising three layers of fi broblasts, keratinocytes, and a stabiliz-
ing matrix demonstrates the potential of LAB to print clinically relevant cell 
densities. LAB has also been applied to fi ll a 3D mouse calvaria defect model with 
nanohydroxyapatite in vivo, showing promise for application of LAB to medical 
robotics (Keriquel et al.  2010 ). However, scaling up this technique for printing larger 
tissues remains a challenge to be addressed with future technology development.     

4.3.2     Microassembly Approaches 

   The  bottom-up tissue engineering      approach involves assembling building blocks or 
cells which mimic native functional units. The assembled structures ultimately form 
larger tissue structures with a desired geometry and distribution of cells within the 
structure (Radisic et al.  2004 ; Khademhosseini and Langer  2007 ; Khademhosseini 
et al.  2006 ; Karoly et al.  2010 ; Jakab et al.  2008 ). The goal of research in this area 
is patterning individual elements of a tissue into a predesigned organization that will 
assist the maturation of the construct toward a functional tissue (Khademhosseini 
and Langer  2007 ; Nichol and Khademhosseini  2009 ). Bottom-up tissue engineering 
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addresses two major limitations of top-down tissue engineering: (1) control over 
mass transfer such as waste removal and nutrient diffusion and (2) fabrication of a 
functional and controlled histological architecture. However, creating and assem-
bling biomimetic 3D building blocks for tissue regeneration and functionality 
remain signifi cant challenges, presenting a need for a variety of unique approaches 
to the assembly of micro-scale hydrogels.   

4.3.2.1     Self-Assembly 

   Self-assembly is an  approach      which allows the chemical and biological interactions 
between individual building blocks to form an ordered structure. The process is often 
driven by the tendency to minimize free energy via organization of these building 
blocks in a desired spatial arrangement. Due to the minimal need for user input, this 
technique offers the advantage of high throughput and scalability. The challenge asso-
ciated with self-assembly is manipulating the properties of the individual hydrogel 
blocks to facilitate assembly into the desired architecture (Grzybowski et al.  2009 ). 

 Capillary force-based self-assembly is an approach where hydrogels assemble 
due to capillary forces between a liquid interface and the hydrogel units. The assem-
bly process and 3D architecture can be adjusted by changing the geometric shape, 
size, and wettability of the hydrogel blocks. Capillary self-assembly has been used 
to develop centimeter-scale hydrogel assemblies with controlled micrometer-scale 
biological characteristics at an air–liquid interface (Zamanian et al.  2010 ) and an 
water–oil interface (Du et al.  2008a ). Cell-encapsulating hydrogel building blocks 
have been successfully assembled using this approach with good cell viability 
(Fig.  4.2 ) (Du et al.  2008a ).

   In another approach utilizing self-assembly mechanisms, complementary mole-
cules which interact and bind with high specifi city are used to assemble micrometer- 
scale hydrogels. One study showed the assembly of multiple microtissue building 
blocks via orthogonal DNA coding (Li et al.  2011 ). In this method, complementary 
single-stranded DNA is conjugated to the microtissues and used as identifi er sites; 
sequence-specifi c hybridization of the DNA strands onto spotted DNA microarrays 
enables controllable self-assembly of the hydrogels with high specifi city and effi -
ciency. In another approach, host and guest building blocks were engineered to 
interact with each other by modifying the hydrogels with cyclodextrins and hydro-
carbon groups, respectively, as complementary molecular recognition agents 
(Harada et al.  2011 ). In this approach, the building blocks can be selectively assem-
bled by controlling the size and shape of the units.    

4.3.2.2     Guided Assembly 

   Guided assembly provides  an      ordered structure or system through the use of exter-
nal physical forces. Organization of hydrogel blocks is driven by the minimization 
of free energy of the system under applied working conditions. In this way, a variety 
of external forces can be used to control the spatiotemporal distribution of the 
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building blocks (Mirica et al.  2011 ; Tasoglu et al.  2013a ,  2014a ,  2015  Xu et al. 
 2011a ; Gurkan et al.  2012 ; Demirors et al.  2013 ; Vanherberghen et al.  2010 ).   

   Magnetic Field-Guided Assembly 

    Magnetic fi eld-guided assembly      is an approach where hydrogel blocks are guided 
by the interaction between the hydrogels and a magnetic fi eld (Tasoglu et al.  2013a ). 
Permanent magnets are widely used to create the magnetic fi eld to enable adaptable, 

  Fig. 4.2     Directed self-assembly     . ( a )  Hydrogel assembly process  : hydrogel building blocks were 
fabricated by photolithography and mechanically agitated with a pipette tip in a back-and-forth 
manner. Linear, branched, random, and offset structures of microgel assemblies were observed. 
Assemblies were then exposed to UV light to achieve a secondary crosslinking. (Scale bars, 
200μm.) ( b ) Phase-contrast and fl uorescence images of cell-laden (NIH 3T3) hydrogel assemblies 
after primary and secondary cross-linking, respectively, demonstrating the cell morphology. ( c ) 
Directed assembly of lock-and-key-shaped microgels. ( I ) Fluorescence images of cross-shaped 
microgels stained with FITC-dextran. ( II ) Rod-shaped microgels stained with Nile red. ( III – VIII ) 
Phase-contrast and fl uorescence images of lock-and-key assemblies with 1–3 rods per cross. ( IX –
 X ) Fluorescence images of microgel assembly composed of cross-shaped microgels containing red 
stained cells and rod-shaped microgels containing fl uorescently stained cells. (Scale bars, 200 μm.) 
Reproduced with permission from Du et al. ( 2008a ) Copyright (2008) National Academy of 
Sciences, U.S.A.       
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contact-free, and inexpensive microstructure patterning and assembly strategies 
(Mirica et al.  2011 ). In one approach, magnetic nanoparticles are encapsulated in 
the hydrogels to impart magnetic properties to the building blocks (Xu et al.  2011a ). 
In another approach, the paramagnetic properties of hydrogel building blocks are 
used to enable assembly of the building blocks without the need for magnetic com-
ponents (Tasoglu et al.  2013a ). Alternatively, a paramagnetic suspension liquid is 
engineered and, with two magnets with like poles facing each other, cell-seeded 
building blocks are levitated and assembled (Fig.  4.3 ) (Tasoglu et al.  2013a ,  2015 ). 
This approach of using magnets to manipulate and assemble cell-laden hydrogel 
building blocks has been broadly studied in numerous bottom-up tissue engineering 
applications (Fig.  4.3 ) (Tasoglu et al.  2013a ,  2014a ,  2015 ; Xu et al.  2011a ).  

  Fig. 4.3     Magnetic fi eld-guided assembly     . ( a ) Levitational coding for soft living material fabrica-
tion. ( I ) Hydrogel units were manufactured by photolithography with patterned photomasks. 
 Hydrogel prepolymer solution   was pipetted onto a glass slide and then exposed to UV light. (Scale 
bar, 1 mm.) ( II ) Cell-seeded microbead fabrication, showing microbeads coated with laminin prior 
to incubation in cell suspension. (Scale bar, 500 μm.) ( III ) Levitational self-assembly of cell- 
encapsulating building blocks in a magnetic setup composed of two NdFeB magnets with the same 
poles facing each other. ( IV ) If the magnetic susceptibility of the object is lower than magnetic 
susceptibility of the suspending medium, the object moves from larger magnetic fi eld strength 
toward the lower magnetic fi eld strength at the centerline between the two magnets. ( V ) Forces 
acting on levitating objects at equilibrium height include the magnetic force ( F  m ) and corrected 
gravitational force ( F  g ), which is the difference between gravitational force and buoyancy force. 
( b )  Concentric assembly   of two hollow-disk and a solid-disk PEG hydrogels. ( I – II ) Hydrogels 
were randomly located at the bottom of reservoir before being subjected to the magnetic setup 
composed of two NdFeB magnets with like poles facing each other. ( III ) Upon positioning of the 
reservoir into the magnetic setup, hydrogels were aligned horizontally at the center of the magnets 
in the region of minimum magnetic fi eld strength and at different vertical equilibrium heights due 
to differences in densities among hydrogel groups. ( IV – VII ) Draining of the paramagnetic media 
from the reservoir decreased the height of air–liquid meniscus and caused a concentric deposition 
of hydrogels. (Scale bars, 1 mm.) ( VIII ) Final shape of assembled hydrogels. ( c ) 
 Immunocytochemistry staining   of cells seeded on assembled beads. Cell proliferation (ki67, 
 green ) and collagen secretion ( red ) are shown one week after fabrication. Reproduced with permis-
sion from Tasoglu et al. ( 2015 )       
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      Acoustic Field-Guided Assembly 

   The interactions between  hydrogels      and acoustic fi elds have been applied to 2D 
assembly and show promising results for future 3D assembly applications. In this 
approach, bulk acoustic waves or surface acoustic waves are applied to the building 
blocks (Gurkan et al.  2012 ). Cells exposed to ultrasound for aggregation and posi-
tioning have been shown to remain viable and continue dividing for up to 12 h 
(Vanherberghen et al.  2010 ). The combination of acoustic technologies and micro-
fl uidics has been applied for various biological approaches such as cell sorting 
(Chen et al.  2008 ) and cell patterning (Shi et al.  2009 ). Acoustic assembly has also 
been used to assemble microgels with encapsulated cells, maintaining high viability 
(>93 %) (Gurkan et al.  2012 ). Single layer assembly of different shape geometries 
as well as multilayer assembly in a layer-by-layer manner, followed by a secondary 
crosslinking to stabilize the structure, may be used to assemble complex constructs 
from microgel building blocks.    

   Geometric Recognition-Guided Assembly 

   Geometric pairing  between      shape-coded hydrogels is also used to create a desired 
architecture. In this approach, shape-coded micrometer-scale hydrogels bind to 
shape-matching hydrogel templates on a complementary hydrogel to organize 
microgels into a desired structure (Eng et al.  2013 ; Hernandez and Mason  2007 ; Du 
et al.  2008b ). This assembly strategy is useful for creating repeating patterns such as 
a microenvironment which includes both cells and biochemical factors. Other strate-
gies, such as acoustic waves, have been used to drive the assembly of complemen-
tary geometric shapes (Gurkan et al.  2012 ). In another study, gravitational forces 
have been used as a driving force to drive shape-coded assembly of cell-encapsulat-
ing hydrogels by docking different shapes into hydrogel templates (Eng et al.  2013 ). 
This platform was used to study cell–cell and cell–microenvironment interactions.    

   Liquid-Based Template Assembly 

   In  liquid-based template assembly     , a liquid surface built by standing waves is used as 
a dynamically tunable template to assemble microscale units into organized 3D net-
works with controlled architectures. This technique requires an aqueous biocompat-
ible media which has specifi c criteria for viscosity and density. Liquid-based template 
assembly is applicable for a range of building blocks, or “fl oaters,” with different 
materials and sizes ranging from 10 μm to 2 mm (Chen et al.  2014 ). The assembly of 
multiple materials has been demonstrated with gelatin methacryloyl (GelMA) 
hydrogel units, polymethylsiloxane (PDMS) blocks, and silicon chiplets. Using this 
strategy, neuron-seeded carrier beads were assembled into 3D neuronal networks 
(Chen et al.  2014 ). These neuronal networks are promising for future development 
of in vitro brain models to gain a better understanding of neural circuits.     
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4.3.2.3     Direct Assembly 

   Direct assembly is based on a “pick-and-place”  strategy      in which an organized tis-
sue can be constructed by picking and placing hydrogel blocks one by one. Direct 
assembly techniques are highly controllable and offer the possibility of developing 
highly complex structures due to direct temporal and spatial control over single 
hydrogel building blocks (Nichol and Khademhosseini  2009 ). Though this strategy 
may be relatively low throughput, it offers a high level of control and fl exibility 
compared to other assembly approaches.   

   Digital Patterning 

   The  digital patterning approach      to direct assembly involves photolithography fabri-
cation with digitally designed photomasks, which are inherently very simple and 
precise. Compared to the use of a single photomask for generation of singe hydrogel 
units, this approach involves precise alignment of multiple photomasks or, alterna-
tively, rotation of a single photomask for sequential hydrogel photocrosslinking 
steps. The precise heterogeneous arrangement of particular cell types is important 
for building tissue models with similar organization to the native tissue, which facil-
itates interactions between different cell types. A simple alignment system has been 
proposed which allows precise organization of 3D hydrogel blocks, which have 
been shown to be a suitable environment for primary neuron cells, facilitating cell 
survival and neurite growth (Gurkan et al.  2013 ). Further, this study achieved high- 
throughput, multilayer, heterogeneous patterning of cell-encapsulating tissue con-
structs with precise, repeatable geometries.    

   Microrobotics 

   Robotic assembly  is      another “pick-and-place”  approach   using microscale robots to 
push hydrogels in fl uid microenvironments. The microrobot is operated by a real- 
time computer interface providing spatiotemporal control. This approach allows 
precise fabrication of complex materials in 3D with a wide variety of structural, 
morphological, and chemical features. A recently developed microrobotic applica-
tion allows real-time control over 100 μm to mm scale microrobots to pattern cell-
encapsulating hydrogel blocks by pushing them in a fl uid microenvironment to form 
a complex 3D tissue structure (Fig.  4.4 ) (Tasoglu et al.  2014b ). The assembly time 
varies depending on the number of hydrogel blocks, “pick-and-place” speed, sur-
face friction or stickiness, and drag force (in the case of directed assembly in a liq-
uid medium without surface contact) (Chung et al.  2015 ; Sitti et al.  2015 ).  
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           Conclusions 

 The natural structure of human tissues is highly organized, involving 3D complexity 
and precise spatial distribution of multiple cell types. This structure is essential to 
the proper function of the tissues, which relies heavily on cellular microenviron-
ment and cell–cell interactions. Neural circuits, in particular, are known for their 
highly complex 3D networks. Therefore, in order to successfully recapitulate the 
structure and function of natural tissues in vitro, we must develop fabrication tech-
niques which allow for rapid and precise fabrication of biomimetic tissue structures. 
These techniques can be combined with molecular tools that allow the detection and 
control of physiological activities of the cells within the constructs. Bottom-up fab-
rication techniques address the challenge of complex 3D organization of cells by 
assembling smaller building blocks into desired geometries. Emerging technologies 
enable high cell viability, repeatability, specifi city, and throughput in the complex 
microscale assembly of cells into desired geometries. Bioprinting uses digital 

  Fig. 4.4     Direct assembly      of hydrogels with robotics ( a ) ( I ) Cell-encapsulating hydrogel fabrication 
via ultraviolet (UV) photocrosslinking. ( II ) Fabricated hydrogels and micrograph of L-shaped 
hydrogels. (Scale bar, 1 mm.) ( III ) A magnetic coil system is used to manipulate magnetic microro-
bots remotely. ( IV ) Motion of the unrestrained magnetic microrobot and alignment of building units. 
(Scale bar, 1 mm.) ( b ) Two-dimensional microrobotic aligning of hydrogel confi guration. Micro-
robotic aligning and reconfi guration of poly(ethylene glycol) dimethacrylate hydrogels ( I – XI ) and 
gelatin methacrylate hydrogels ( XII – XX ) with different shapes into complex planar architectures. 
The black object in each image is a top view of a crawling microrobot. All the experiments were 
performed in a 20 mm × 20 mm × 4 mm chamber in phosphate-buffered saline (PBS). Continuous 
aligning and reconfi guring sequences are shown. ( XXI–XXV ) Manipulation and placement control 
in untethered microrobotic alignment of hydrogel composition. Adapted by permission from 
Macmillan Publishers Ltd: Nature Communications (Tasoglu et al.  2014b ), copyright 2014       
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technology to deposit scaffolds, often mixed with living cells or later seeded with 
cells, in a layer-by-layer fashion with desired geometries based on a virtual model. 
Microassembly approaches use a variety of strategies—self- assembly, guided 
assembly, and direct assembly—to arrange smaller building blocks, often cell-
encapsulating hydrogels, into larger tissue constructs with desired geometries. 
While some of these approaches have already been shown to facilitate survival and 
growth of neural tissues, each has potential to be applied to fabrication of neural 
circuits. Molecular tools such as genetically encoded sensors and actuators of neu-
ronal activity have the potential to enable real-time in situ functional analysis of 
engineered neural tissues. Optical imaging can be combined with optical control 
approaches to allow scalable analysis of neuronal activities, both at the single cell 
and circuit level. When combined, these technologies show potential for the cre-
ation of spatially complex 3D tissues with in situ monitoring and control capabili-
ties, which may ultimately be used as replacements for damaged or diseased tissues, 
as models for scientifi c research, or as platforms for high-throughput pharmaceuti-
cal testing. This technology will enable assembly and analysis of a highly complex 
biomimetic in vitro neural model, which serves as a platform for direct interrogation 
of neuronal function which is not currently possible in vivo or in traditional 2D 
neural cell cultures.   
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    Chapter 5   
 Electrically Conductive Materials for Nerve 
Regeneration                     

     Elisabeth     M.     Steel     and     Harini     G.     Sundararaghavan    

5.1           Introduction 

 In order to achieve complete functional recovery of an injured neural tissue, 
approaches seek to develop a material construct that combines several cues to mod-
ulate cell behavior, whether it be to guide regenerating axons to reconnect with 
target tissue or to elicit migration and growth factor release by support cells. Cells 
respond to cues in the microenvironment. Topographical, chemical, mechanical, 
and electrical cues have all separately (and in limited combination) been shown to 
guide and direct these behaviors (Fig.  5.1 ) (Wrobel  2013 ; Rodriguez and Schneider 
 2013 ). Ideally, multiple cues could be presented spatially and temporally during the 
regeneration process.

    Bioelectricity   plays its most notable role in the body in the form of electrical 
signals throughout tissues in the nervous system, infl uencing a broad range of active 
and passive biological functions ranging from movement and thinking to sensory 
perception and respiration. Mammalian cells maintain a resting electrical potential 
of −60 to −100 mV across the cell membrane compared to the extracellular side 
(Ghasemi-Mobarakeh et al.  2011 ). Maintenance and changes in membrane poten-
tial infl uences cellular functions, particularly as a method of signal transduction in 
the nervous system (Prabhakaran et al.  2011 ). The prominent role of  bioelectricity   
in the body makes it an attractive factor to manipulate for accelerating wound 
healing. External electric fi elds can infl uence ion infl ux through ionic membrane 
channels to affect intracellular signal transduction pathways through second mes-
sengers such as cAMP and Ca 2+ , which can in turn affect enzyme phosphorylation 
and alter gene expression (Meng and Zhang  2011 ). Meng et al. points to several 
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studies that document electrical stimulation infl uencing actin assembly and distri-
bution as well as activating transmembrane channels and receptors; components 
identifi ed to be involved in cell migration and proliferation (Meng and Zhang  2011 ). 
From a seminal report in 1982, Patel theorized that electrical stimulation induces 
the redistribution of components in the cytoplasm, activates transport and prolifera-
tive processes, and causes the electrophoretic accumulation of surface molecules 
that promote neurite adhesion and outgrowth (Wrobel  2013 ; Ghasemi-Mobarakeh 
et al.  2011 ). Application of a range of voltages from 1 to 25 mV/mm using both AC, 
DC, and pulsed signals have successfully elicited neurite outgrowth in various cell 
types (Seil and Webster  2010 ; Royo-Gascon et al.  2013 ) with Feng et al. calculating 
a threshold to be 16 mV/mm (Wrobel  2013 ). While it has been established for over 
30 years that neural cells respond to electrical fi eld stimulation, clinical application 
for restoring function following injury to the nervous system has remained elusive. 
Given the roles electrical stimulation has played in the clinical success of cochlear 
and visual prosthetics and in deep brain stimulation for management of disorders 
ranging from neurological conditions like Parkinson’s, epilepsy, and dementia to 
non-neurological disorders like obesity, the fi eld of neural tissue engineering has the 
potential to make groundbreaking progress in the near future if conductive materials 
can be developed that can elicit regenerative behavior and maintain tissue homeo-
static mechanisms (Thompson et al.  2014 ). 

  Electrical cues   can be delivered to target cells and tissues through conductive 
scaffold materials. Several synthetic and natural organic materials have been stud-
ied for their potential application in neural tissue engineering; many reviews high-
light the pioneering and signifi cant contributions from earlier studies (Wrobel  2013 ; 
Ghasemi-Mobarakeh et al.  2011 ; Seil and Webster  2010 ; Balint et al.  2014 ; Bosi 
et al.  2014 ; Hardy et al.  2013 ; Huang et al.  2014 ; Kaur et al.  2015 ; Khaing et al. 
 2014 ; Lanmuller et al.  1997 ; Molino and Wallace  2015 ; Palermo et al.  2007 ; Zhang 
et al.  2014a ).  Conductive materials   that have been investigated for neural tissue 
engineering (NTE) applications can be generally classifi ed as  inherently conductive 
polymers (ICPs)  , piezoelectric, and nanostructured carbons. ICPs and nanostructured 
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  Fig. 5.1    Directed cell behavior from cues in the  microenvironment         
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carbons have intrinsic conductive properties, but require an external power source 
(Balint et al.  2014 ). When  piezoelectric materials   undergo minute mechanical 
deformation, they produce transient surface charges which can be harnessed for 
electrical stimulation (Damaraju et al.  2013 ). Each material has its benefi ts and 
drawbacks; ICPs, piezoelectric, and nanostructured carbon materials and example 
applications will be discussed in the following sections. 

 Engineering techniques and clever chemistries have been utilized to modify con-
ductive materials to present simultaneously along with topographical, chemical, and 
mechanical cues (Hardy et al.  2013 ). Additionally, advances have been made to 
engineer conductive materials to be biodegradable to allow for hydrolytic or enzy-
matic cleavage for degradation into biocompatible waste products that can be 
cleared by the renal system (Hardy et al.  2013 ). This is often achieved by  synthesiz-
ing   composites of ICPs, piezoelectric, and/or nanostructured carbons with FDA 
approved synthetic polymers or those traditionally found within the extracellular 
matrix (i.e., collagen, hyaluronic acid). Many of these materials could be applied in 
regenerative therapies beyond neural tissue, including stem cell differentiation and 
organs in the skin, musculoskeletal, and cardiovascular systems. This review will 
focus on key studies demonstrating the potential in NTE applications sampled from 
each of the conductive material classifi cations. These studies are examples of the 
investigations that conductive materials can infl uence neural tissue cell behavior, 
including stem cell and neural progenitor differentiation, as well as be modifi ed to 
tailor mechanical, topographical, and chemical cue properties through diverse fab-
rication techniques such as electrospinning and wet spinning, inkjet and extrusion 
printing, self and layer-by-layer assembly, and in situ polymerization within acel-
lular tissue constructs (Kaur et al.  2015 ; Peramo  2008 ).  

5.2     Conductive Materials 

5.2.1     Evaluating Electrical Properties 

   Electrical properties of  conductive material      constituents such as surface energy, zeta 
potential, and resistivity or conductivity can infl uence material surface wetting and 
adhesion in turn modulating cell attachment, proliferation, differentiation, motility, 
and outgrowth (Higgins and Wallace  2013 ). Common techniques to measure sur-
face energy are  inverse gas chromatography (IGC)   and contact angle. Zeta potential 
can be calculated from data utilizing dynamic light scattering techniques and mea-
suring dielectric constants. Surface electrical property values for fi lms and 3D scaf-
folds can be challenging, a variation of atomic force microscopy called  kelvin probe 
force microscopy (KPFM)   can provide information on variations of surface poten-
tial that correlate with material topography (Higgins and Wallace  2013 ). KPFM is a 
powerful though complex tool for evaluating nanometer-scale surface potential; 
thorough reviews are provided by Melitz et al. ( 2011 ) and Palermo et al. ( 2007 ). 
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 Demonstrating the infl uence of surface charge on neurite growth and branching, 
Hu et al. prepared a series of covalently functionalized  multi-walled carbon nano-
tubes (MWCNTs)   with various charges: carboxylic groups to carry a negative 
charge (MWCNT-COOH), poly- m -aminobenzene sulfonic acid to carry a zwitter-
ionic charge (±, MWCNT-PABS), or ethylenediamine to carry a positive charge 
(MWCNT-EN) (Hu et al.  2004 ). The group systematically demonstrated that sur-
face charge can modulate the number, branching, and extent of outgrowth of neu-
rites and their growth cones, with positively charged  MWCNTs   eliciting the most 
growth over neutral or negatively charged MWCNTs. 

  Surface conductivity   is commonly measured by two-point probe (2PP) (Sudwilai 
et al.  2014 ) or  four-point probe (4PP) meters   (Broda et al.  2011 ). In 2PP, probes 
placed in contact with the material are connected to source meters that measure the 
current following application of a constant voltage. In 4PP, current is passed through 
the two outer probes (referred to as source and drain) while voltage is measured 
through the two inner probes (Fig.  5.2 ). Sheet resistivity ( R  s ) is calculated by plot-
ting the applied voltage versus the current change (2PP), or voltage change versus 
applied current (4PP). Electrically conductivity of fi lms and fi ber mats can be cal-
culated by ( 5.1 ):
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  Fig. 5.2    Sheet resistivity can be measured  by   probing methods such as four-point probe to calcu-
late conductivity. Probes can be applied either directly to the material surface or onto patterned 
contacts for fragile specimens. Current is passed through the two outer probes, while the voltage is 
measured through the two inner probes       
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where  σ  is defi ned as specifi c conductivity (S/cm),  ρ  as specifi c resistivity (Ω cm),  I  
as current (A),  K  as the geometrical correction factor,  V  as voltage (V), and  t  as 
material thickness (cm). The  geometrical correction factor  , which accounts for 
effects of probe confi guration and spacing, can be determined using a standard 
material such as silicon oxide that has known  resistivity value   (Sudwilai et al.  2014 ). 

 Two techniques that enable material characterization in dynamic physical and 
biochemical environments are electrical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV) (Richardson-Burns et al.  2007a ). EIS is  a   technique that charac-
terizes material impedance over a frequency range, giving real and imaginary com-
ponents of impedance as a function of frequency. The lower the impedance, 
electrical stimulation through the conductive material generally will require lower 
power (Lanmuller et al.  1997 ). Cyclic voltammetry characterizes charge transfer 
capacity and identifi es redox reactions that occur. The measured current is visual-
ized as current density as a function of the cyclic reference electrode potential dur-
ing a cyclic voltage sweep (Merrill et al.  2005 ). The area under the CV curve 
specifi es the material’s capability to transfer charge and the effective surface area 
(Richardson-Burns et al.  2007a ). The shape of the curve indicates whether revers-
ible or irreversible Faradaic reactions occur while the potential is cycled (Richardson- 
Burns et al.  2007a ; Merrill et al.  2005 ). To be effective for electrical stimulation, a 
material should have a large reversible charge storage capacity in order to be able to 
transfer that charge to the surrounding tissue but also be able to transfer that charge 
before an irreversible Faradaic reaction results (Merrill et al.  2005 ). Irreversible 
Faradaic reactions have the potential to create oxidative stress in the tissue (Merrill 
et al.  2005 ).    

5.2.2     Inherently Conductive Polymers 

5.2.2.1     Synthesis 

  To  synthesize   polymers capable of conducting electrons, the starting material, con-
sisting of a neutral polymer chain with monomers conjugated to one another by π 
bonds, undergoes a doping procedure (Balint et al.  2014 ). Doping transfers charge 
from the dopant molecules, thus oxidizing or reducing the π bonds in the neutral 
polymer chain so that they become positively or negatively charged (Ghasemi- 
Mobarakeh et al.  2011 ). The initial polymer synthesis is commonly performed by 
electrochemical polymerization of monomers at an electrode surface or in the pres-
ence of a catalyst (Hardy et al.  2013 ). The choice of  dopant   can infl uence the result-
ing polymer's conductivity as well as other factors such as surface energy, 
degradability, and biocompatibility. Dopants can be introduced during or after 
polymerization. Low molecular weight dopants that only interact with the polymer 
by non-covalent interactions leech out of the matrix into the surrounding environ-
ment (Svirskis et al.  2010 ). This leeching effect can be utilized as a means to 
deliver neurotrophic factors upon application of an external electrical stimulus 

5 Electrically Conductive Materials for Nerve Regeneration



150

(Svirskis et al.  2010 ; Thompson et al.  2006 ,  2010 ,  2011 ). The most common 
conductive polymers used in biological applications are polypyrrole (PPy), polyani-
line (PANi), polythiophene (PT), and poly(3,4-ethylenedioxythiphene) (PEDOT), 
as seen in Fig.  5.3  (Lee  2013 ). To improve processability, biocompatibility, and 
stability, these traditional ICPs are often combined with other biomaterials 
(Ghasemi-Mobarakeh et al.  2011 ).  ICPs   are highly processable enabling control 
over nano- and micro- topography. Fabrication techniques that have been utilized are 
inkjet printing, extrusion printing, electrospinning, and wet spinning (Molino and 
Wallace  2015 ; Zhu et al.  2014 ; Dhandayuthapani et al.  2011 ).

   Schmidt et al. highlights some of the potential advantages for the use of conduct-
ing polymers in NTE applications in a seminal 1997 article: (1) stimulation can be 
localized to the area around the polymer versus exogenously applied electric fi elds 
(EFs) and (2)  CPs surface   properties can be tailored with biochemical or adhesive 
cues based on which dopant ions are incorporated into the polymer chain (Schmidt 
et al.  1997 ). A drawback of using pure CPs is the lack of degradability. Further work 
by the Schmidt group produced the fi rst fully  biodegradable electrically conductive 
polymer (BECP)   by which PPy-thiophene-PPy oligomers were linked by degrad-
able ester groups using an aliphatic linker which provided fl exibility (Rivers et al. 
 2002 ). BECP fi lms demonstrated the ability to degrade enzymatically, support neu-
roblastoma cell attachment and proliferation, and in vivo biocompatibility in rats 
(Rivers et al.  2002 ). These studies are just two examples that laid the foundation for 

  Fig. 5.3    The structures of 
common conducting 
polymers. ( a )  Polyaniline  . 
( b )  Polypyrrole  . 
( c )  Polythiophene  . 
( d )  Poly(3,4- 
ethylenedioxythiophene)  . 
Image reprinted with the 
permission from the 
authors and publisher of 
Hardy et al. ( 2013 )       
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establishing biodegradable conductive materials as attractive candidates for NTE 
scaffolds with the potential to deliver electrical, chemical, adhesive, mechanical, 
and topographical cues.  Polypyrrole   is by far the most extensively studied ICP for 
neural applications due to its conductivity and biocompatibility and ease of synthe-
sis (Lee et al.  2009a ).   

5.2.2.2     Polypyrrole 

   Building on their success, Schmidt’s  group      developed two biodegradable PPy block 
co-polymers with poly(ε-caprolactone) (PCL) and poly(ethyl cyanoacrylate) 
(PECA). Notably, the conductivity of PPy-PCL (32 S/cm) was greater than the PPy 
homopolymer (22 S/cm) while that of PPy-PECA was equivalent (19 S/cm). The 
group used PC12 cells as one of their cell models for neuron behavior. PC12 cells 
are a commonly used model cell for neurons. They originate from a cell line isolated 
from a rat adrenal pheochromocytoma and differentiate into neuronal-like cells 
upon exposure to nerve growth factor as evidenced by extending neurites (Greene 
and Tischler  1976 ). Upon stimulation of PC12 cells cultured on co-polymer fi lms, 
cell attachment and neurite extension were signifi cantly greater on PPy-PCL in 
comparison to PPy-PECA. These results were attributed to PECA causing irritation 
in nervous tissue despite its use in other biomedical applications. The study essen-
tially demonstrated that blocks of PPy could be co-polymerized with “macromono-
mers,” which are comprised of non-conducting polymer oligomers with PPy 
endcaps that have oxidation potential similar to that of PPy homo-monomers. Using 
a biocompatible and hydrolytically degradable polymer, like PCL, for the noncon-
ducting oligomer units allows for a uniquely conductive PPy composite. 

 Recent work headed by Ma’s group took another approach to mitigate the low 
solubility, brittle nature, and poor degradability of the PPy homopolymer by synthe-
sizing a composite with  poly( D , L -lactic acid) (PDLLA)   (Xu et al.  2014 ). This FDA 
approved polymer used in commercially available nerve guide conduits is utilized 
for its biodegradability, cytocompatibility, and mechanical properties. A PPy/
PDLLA emulsion polymerization was performed in chloroform using  sodium 
dodecyl sulfate (SDS)   as an emulsifi er and FeCl 3  as an oxidizer and dopant (Xu 
et al.  2014 ). Electrically stimulated composite fi lms containing 5/10/15 % PPy, with 
respective conductivities of 5.65, 10.4, 15.56 mS/cm, produced signifi cantly 
increase PC12 attachment and neurite growth and extension compared to their 
respective unstimulated controls. Remarkably, the neurite length and number of 
neurite-bearing cells increased with increasing PPy concentration. Further investi-
gation into the molecular mechanisms behind this phenomenon is needed. 

 Studies have incorporated adhesive cues into scaffold design to enhance the 
behavior of neural support cells. Electrical stimulation of Schwann cells with a 
100 mV DC signal for 4 h on PPy/chitosan membranes signifi cantly increased expres-
sion and secretion of NGF and BDNF (Huang et al.  2010a ). PPy was polymerized via 
microemulsion in the presence of FeCl 3 , and the purifi ed suspension was mixed 
with a 1.5 % w/v solution of 90 % deacetylated chitosan before casting into fi lms. 
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Modulating support cell release of neurotrophic factors has immense potential in 
NTE scaffold fabrication. To this end, Lee and Schmidt functionalized PPy with 
amine groups to improve material adhesivity demonstrating a signifi cant increase in 
fi broblast and Schwann cell adhesion to PPy fi lms (Lee and Schmidt  2015 ). While 
adhesion was dramatically improved in comparison to native PPy polymer and 
poly- L -lysine (PLL)-coated PPy, the conductivity of 50 and 100 % amine-function-
alized PPy was reduced by 2 and 4 orders of magnitude, respectively. Lee and 
Schmidt point out that this outcome limits the usage of this material in applications 
that require high conductivity and electrical sensitivity (Lee and Schmidt  2015 ). An 
earlier study from the Schmidt group (Nickels and Schmidt  2013 ) highlights the 
ability to control surface adhesive properties of PPy through the use of an affi nity 
peptide without sacrifi cing bulk material conductivity. After utilizing the phage dis-
play technique to identify the affi nity peptide, THRTSTLDYFVI (denoted as T59), 
that could non-covalently bind to  chlorine-doped PPy (PPyCl)   to be used as a linker, 
the laminin fragment IKVAV was tethered to PPy via T59. While there was no sig-
nifi cant difference in conductivity between the T59-PPyCL and PPyCl following 
incubation in 10 mM PBS, the IKVAV-T59-PPyCl conductivity was not reported. 
Aqueous solutions cause de-doping and oxidation of ICPs. While these phenomena 
have benefi ts and drawbacks (conductivity stabilization on one hand but signal 
weakening on the other), the added complexity in tethering a large molecule like 
IKVAV to the surface potentially introduces a physical barrier to ion transport 
(Nickels and Schmidt  2013 ). Despite these potential problems, stimulation of PC12 
cells with 100 mV/cm for 2 h on IKVAV-T59-PPyCl fi lms resulted in signifi cantly 
increased cell attachment, neurite length, and number of neurites per cell compared 
to the unmodifi ed fi lms. Another strategy employed by Cui and colleagues is to 
incorporate an adhesive cue during PPy synthesis by using a bioactive anion as the 
dopant. They have investigated several peptide sequences from laminin, including 
CDPGYIGSR (p31) and RNIAEIIKDI (p20), as a means to promote cell attach-
ment, migration, and neurite extension from dorsal root ganglia and neuroblastoma 
cells. More recently, the group used PPy doped with p20, p31, and a mixture of p20 
and p31 to grow and differentiate human embryonic and rat neural stem cells 
(hESCs, rNSCs) to neuronal fates (Zhang et al.  2010a ). PPy/p20 improved neuronal 
differentiation and neurite outgrowth of hESCs and rNSCs. PPy/p31 promoted cell 
adhesion and spreading. Substrates displaying a mixture of p20 and p31 produced 
intermediate effects, further demonstrating that PPy doped or modifi ed with adhe-
sive cues can modulate the behavior of a variety of cell types. 

 PPy can also be doped with neurotrophins allowing for the spatially and tempo-
rally controlled release of chemical cues to induce neuroprotective and regenerative 
activity. Following a successful study in doping PPy with NT-3(Thompson et al. 
 2006 ), Thompson et al. simultaneously incorporated  brain-derived neurotrophic 
factor (BDNF)   and  neurotrophin-3 (NT-3)   into PPy fi lms during electrosynthesis 
from a solution of PPy and sodium  p -toluenesulfonate (pTS) (Thompson et al. 
 2010 ). Release kinetics and in vitro characterization assays were performed by 
applying a charge balanced 250 Hz, biphasic ±1 mA current waveform with 
clinically established pulse widths, and interphase open- and short-circuit gaps 
mimicking cochlear implant settings (Thompson et al.  2010 ). Interestingly, results 
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revealed that using both neurotrophins affected each other’s release profi les, where 
the  presence of BDNF impeded NT-3 release, and NT-3 amplifi ed BDNF release 
(Thompson et al.  2010 ). Stimulation of the PPy/BDNF/NT-3 fi lms resulted in more 
than doubled auditory neuron survival and outgrowth from cochlear nerve explants 
compared to either neurotrophin alone. The group reported elsewhere that the 
choice of dopant during electrochemical PPy synthesis has a dramatic effect on both 
the biocompatibility of the polymer and its effi cacy under electrically stimulated 
neurotrophic release to enhance nerve survival and outgrowth (Thompson et al. 
 2011 ). When characterizing NT-3 release and spiral ganglion neuron behavior, the 
small anionic dopant pTS outperformed the other common PPy dopants, dodecyl-
benzene sulfonate (DBS), poly(3-styrenesulfonate) (PSS), poly(2-methoxyaniline-
4- sulfonic acid) (PMAS), hyaluronic acid (HA), and chondroitin sulfate (CS) 
(Thompson et al.  2011 ). PPy/dopant composite fi lms incorporating these anions 
have been extensively characterized by the Schmidt and Wallace groups (Hardy 
et al.  2013 ; Molino and Wallace  2015 ; Schmidt et al.  1997 ; Collier et al.  2000 ; Liu 
et al.  2009 ; Stewart et al.  2015 ). 

 Rather than inducing neurotrophic factor release by electrical stimulation, 
another strategy to present a chemical cue is to immobilize bioactive factors to the 
ICP. Lee et al. immobilized NGF to PPy by functionalizing PPy with  N -hydroxyl 
succinimidyl ester groups (Lee et al.  2009b ). NGF remained bioactive and stably 
conjugated to PPy-NSE functionalized fi lms following electrical stimulation with 
1 V (Lee et al.  2009b ). To further this work, Lee et al. immobilized NGF to an elec-
trically active fi brous scaffold by a four-step fabrication process (Lee et al.  2012 ). 
First, a PLGA fi brous mesh was fabricated by electrospinning, then coated with a 
layer of PPy via chemical polymerization. Carboxyl groups necessary for NGF con-
jugation were introduced to the fi ber surface by performing a chemical co- 
polymerization with equal molar ratios of pristine pyrrole and 1-(2-carboxyethyl)
pyrrole (Py-COOH) (Lee et al.  2012 ). Upon electrical stimulation of PC12 cells 
with a 10 mV/cm DC signal, neurite formation and median length signifi cantly 
increased compared to unstimulated controls (Lee et al.  2012 ). 

 Incorporating PPy into electrospun fi bers allows for the presentation of a topo-
graphical guidance cue as an extracellular matrix mimic. Lee et al. fi rst described 
coating electrospun PLGA fi bers with PPy and stimulating PC12 cells through these 
nanofi bers in a 2009 study (Fig.  5.4 ) (Lee et al.  2009a ). Statistically signifi cant 
increases in neurite bearing PC12 cells and neurite length were observed on stimu-
lated PPy-PLGA nanofi bers, with an additive effect occurring with aligned fi bers 
compared to random (Fig.  5.5 ) (Lee et al.  2009a ). Notably, electrical resistance was 
observed to be conducted along the fi ber axis as evidenced by sheet resistance val-
ues of 7.4 ± 3.2 × 10 3  and 1.7 ± 0.6 × 10 4  Ω/square for aligned and random fi ber mats, 
respectively (Lee et al.  2009a ). Greater conductivity in aligned fi bers was also mea-
sured in PLA fi bers coated with PPy using an admicellar polymerization procedure 
(Sudwilai et al.  2014 ). The synergistic effects of electrical and topographical cues 
were further corroborated by the stimulation of chick dorsal root ganglia (DRG) on 
aligned core-sheath PCL-PPy nanofi bers that resulted in a 1.5-fold increase in neu-
rite length compared to random unstimulated nanofi bers (Xie et al.  2009 ).

    A summary of the studies involving PPy is provided in Table  5.1 .  
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  Fig. 5.4     PPy-coated PLGA mesh  es. ( a ) Photographs of uncoated PLGA meshes ( white , left) and 
PPy–PLGA meshes ( black , right). ( b ) SEM micrograph of single strands of PPy–PLGA fi bers. ( c ) 
SEM image of section of the PPy–PLGA meshes. Images reprinted with permission from the 
authors and publisher of Lee et al. ( 2009a )       
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  Fig. 5.5    Electrical stimulation of PC12 cells through PPy–PLGA (PPy–RF and PPy–AF) fi bers at 
0 and 10 mV/cm. Representative fl uorescence images of electrically stimulated cells: ( a ) PPy–RF 
at 0 mV/cm (unstimulated); ( b ) PPy–AF at 0 mV/cm; ( c ) PPy–RF at 10 mV/cm; ( d ) PPy–AF at 
10 mV/cm. Scale bars are 50 μm. ( e ) Median neurite lengths, and ( f ) percentages of neurite- 
bearing PC12 cells when unstimulated and when electrically stimulated (10 mV/cm) on random 
(PPy–RF) and aligned (PPy–AF) PPy–PLGA fi bers. At least 300 neurites were analyzed from four 
substrates for each condition. Images reprinted with permission from the authors and publisher of 
Lee et al. ( 2009a )       
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5.2.2.3        PANi 

   Polyaniline, the chemical structure  of      which can be seen in Fig.  5.3b , has three 
oxidation levels: fully oxidized pernigraniline base, half-oxidized emeraldine base, 
and fully reduced leucoemeraldine base (Balint et al.  2014 ). Due to its low cost, 
ease of synthesis, stability, and electrical properties, PANi is the second most stud-
ied ICP for NTE applications behind PPy (Balint et al.  2014 ). The greatest chal-
lenges of using PANi in tissue engineering applications are its rigidity, brittleness, 
and diffi culty in processing (Ghasemi-Mobarakeh et al.  2009 ). Co-polymerizing 
analine derivatives improves its miscibility with common solvents and other poly-
mers, while blending PANi with other polymers mitigates its brittle and rigid nature 
in the pure form (Zhang et al.  2014b ; Karim  2013 ; Huang et al.  2008 ). Ghasemi- 
Mobarakeh blended 15 wt% PANi with a PCL/gelatin solution to electrospin con-
ductive nanofi bers measured to have 0.02 μS conductivity (Ghasemi-Mobarakeh 
et al.  2009 ). Nerve stem cells stimulated with a 100 mV/mm stimulus for 60 min 
exhibited signifi cantly greater proliferation than those stimulated for 15 or 30 min 
on PANi/PCL/gelatin nanofi bers (Ghasemi-Mobarakeh et al.  2009 ). Similarly, the 
group blended PANi with PLLA to fabricate electrospun conductive nanofi bers for 
stimulation of neural stem cells (NSCs) (Prabhakaran et al.  2011 ). Neurite length 
was measured to be signifi cantly greater for NSCs stimulated on PLLA/PANi nano-
fi bers compared to unstimulated controls (Prabhakaran et al.  2011 ). PANi compos-
ites with PLLA and PCL exhibited low conductivity (3 and 20 nS/cm, respectively). 
Zhang reported more favorable conductivity and electrical stability of PANi with a 
50:50 co-polymer of poly( L -lactic acid- co -ε-caprolactone) (P(LLA-CL)) and silk 
fi broin (PS). Aligned PS/PANi (17 wt%) nanofi bers were measured to have a 30 mS/
cm conductivity that remained relatively stable over 14 days immersed in serum- 
free RPMI 1640 medium at 37 °C, with a mild decrease over time likely due to 
dopant leaching (Zhang et al.  2014b ). Further, core–shell PS/PANi nanofi bers 
loaded with NGF supported signifi cantly greater Schwann cell proliferation and 
signifi cantly greater neurite lengths and number of neurite-bearing PC12 cells after 
1 h daily stimulation with a 100 mV/cm stimulus for 5 days (Zhang et al.  2014b ). In 
combination with delivering electrical and topographical guidance cues, these 
results suggest neurotrophic factors could be released in an electrically controlled 
manner from conductive core–shell nanofi bers (Zhang et al.  2014b ). 

 Another strategy for creating conductive NTE scaffolds is to use PANi as a con-
ductive fi ller to enhance the weak conductivity of a cationic polyelectrolyte such as 
chitosan, whose amino groups become partially protonated when hydrated 
(Baniasadi et al.  2015 ). A highly conductive polyaniline/graphene nanocomposite 
(PAG) synthesized by microemulsion and polymerization in the presence of ammo-
nium peroxydisulfate (Baniasadi et al.  2014 ) was found to be a suitable conductive 
fi ller in chitosan/gelatin porous membranes, with conductivities ranging from 2 to 
182 mS/cm for 2.5–10 wt% PAG (Baniasadi et al.  2015 ). Attachment studies 
revealed the greatest number of Schwann cells on 2.5 wt% PAG chitosan/gelatin 
scaffolds (Baniasadi et al.  2015 ).    
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5.2.2.4     Polythiophenes 

   Fully bioerodible,  electroactive      thiophenes have been investigated as layer-by-layer 
(LBL) systems with polyethyleneimine (PEI) and as hydrogels and evidenced to be 
biocompatible by promoting L929 fi broblast adhesion and proliferation (Mawad 
et al.  2011 ,  2012 ). The  polythiophene derivative poly(3,4-ethylenedioxythiophene) 
(PEDOT)   is the most commonly investigated ICP for use in neural electrodes due to 
its non-biodegradability, thermal stability, high optical transparency, and low redox 
potential (Richardson-Burns et al.  2007a ,  b ; Ludwig et al.  2006 ; Xiao et al.  2004 ; 
Cui and Martin  2003 ; Harris et al.  2013 ,  2015 ; Jin et al.  2013 ). PEDOT has been 
used as an electroactive coating for nanofi bers fabricated from poly(vinyl chloride) 
and poly(ethylene terephthalate) (PET), exhibiting the ability to support cell adhe-
sion and proliferation of human cancer stem cells and neuroblastoma SH-SY5Y 
cells (Jin et al.  2013 ; Bolin et al.  2009 ).  PEDOT   composites containing poly(styrene 
sulfonic acid) PSS are water soluble and bio-erodible over the long term, meaning 
the molecular weight of erosion products is within the range for renal fi ltration 
(30–50 kDa) (Mawad et al.  2011 ; Pires et al.  2015 ). The physical stability of 
PEDOT:PSS can be improved by cross-linking. Electrical stimulation of these sub-
strates can sustain controlled drug release (Esrafi lzadeh et al.  2013 ) and modulate 
neural stem cell differentiation (Pires et al.  2015 ). Electrochemical or self-assembly 
functionalization of PEDOT:PSS fi lms and subsequent electrical stimulation can 
modulate neural cell adhesion and differentiation (Collazos-Castro et al.  2010 ). 
PEDOT/PSS tracks embedded into chitosan and chitosan-hyaluronic acid hydrogels 
by extrusion printing exhibit high conductivity (17 S cm −1 ) and demonstrated a ver-
satile fabrication technique for integrating conductive polymers into bio-polymer- 
based tissue engineering scaffolds for delivery of an electrical signal (Mire et al. 
 2011 ).  PEDOT   has also been chemically polymerized in situ on acellular muscle 
tissue, providing evidence that it is possible to coat a biological tissue sample with 
a conductive layer opening up future applications to peripheral nerve repair (Peramo 
 2008 ).     

5.2.3     Piezoelectric Materials 

    In  piezoelectric materials  ,  electrical   charges can be generated by mechanical stress, 
and vice versa (Rajabi et al.  2015 ). The most commonly investigated piezoelectric 
material for biological applications is  poly(vinylidene) fl uoride (PVDF)  . During 
fabrication, the electromechanical properties of PVDF can be induced by mechani-
cal stretching to align the fl uorine ions and hydrogen atoms on opposite sides of the 
carbon backbone in an all- trans  conformation known as the β-phase (Damaraju 
et al.  2013 ; Fine et al.  1991 ). The material is then rendered piezoelectric in the pol-
ing process that applies a high voltage DC fi eld across the polymer to align the 
otherwise random dipoles in individual crystals (Fine et al.  1991 ). Poling creates a 
net dipole moment that, under minute mechanical deformation, results in the 
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autonomous generation of transient surface charges as an oscillating electrical fi eld 
(Royo-Gascon et al.  2013 ). Co-polymerization of PVDF with trifl uoroethylene 
results in the β-phase all- trans  confi guration; the steric hindrance of TrFE groups 
eliminates the need for mechanical stretching during fabrication thus preserving 
porous microarchitecture (Fine et al.  1991 ).  Electrospinning   is an effective tech-
nique to induce β-phase piezoelectricity due to the mechanical stretching that occurs 
during the fi ber formation process, particularly when PVDF is spun with an elastic 
co-polymer like polyurethane (Guo et al.  2012 ). 

 While piezoelectric materials offer the advantage of conducting electricity with-
out external voltage input, the inability to fi nely regulate and control the waveform 
characteristics is a disadvantage (Schmidt et al.  1997 ). PVDF scaffolds have been 
shown to support a variety of cell types including primary neurons (Royo-Gascon 
et al.  2013 ; Lee et al.  2011 ), human fi broblasts (Guo et al.  2012 ; Weber et al.  2010 ), 
and mesenchymal stem cells (Damaraju et al.  2013 ). Enhanced nerve regeneration 
and neurite outgrowth on PVDF-based materials were fi rst reported in a series of 
studies by Aebischer and Valentini (Fine et al.  1991 ; Valentini  1992 ; Valentini et al. 
 1989 ; Aebischer et al.  1987 ). The 1200 Hz resonance frequency of standard incuba-
tor shelves in the 1991 Valentini study generated a sinusoidal voltage output with an 
average peak of 2.5 mV, which resulted in an average substrate charge density of 
0.8–1 pC/cm 2  on PVDF fi lms (Valentini  1992 ). Culture of mouse neuroblastoma 
cells on poled PVDF fi lms and P(VDF-TrFE) fi lms compared to non-poled fi lms 
enhanced neurite outgrowth (Valentini  1992 ). In mouse and rat sciatic nerve injury 
models, PVDF and P(VDF-TrFE) nerve guidance channels contained signifi cantly 
greater numbers of myelinated axons (Fine et al.  1991 ; Aebischer et al.  1987 ). 
Piezoelectric charge output was attributed to random animal movements causing 
mechanical deformations, though actual values were not evaluated. 

 Other studies have attributed increased neural regeneration to the cell’s ability to 
deform the material thus producing electrical stimulation (Lee et al.  2011 ; Lee and 
Arinzeh  2012 ). Lee et al. electrospun random and aligned nonpiezoelectric PVDF 
and piezoelectric PVDF-TrFE fi bers of nano- and micron-size (Lee et al.  2011 ). 
After culturing rat dorsal root ganglia neurons for 4 days on random and aligned, 
annealed and as-spun fi bers. Results showed that annealed, aligned PVDF-TrFE 
micron-sized fi bers exhibited the greatest neurite extension and lowest neurite 
aspect ratio (Figs.  5.6  and  5.7 ). Characterization of annealed and as-spun fi bers 
revealed that the former have an increased crystallinity resulting in enhanced piezo-
electricity (Lee et al.  2011 ; Lee and Arinzeh  2012 ). The annealed fi bers, although 
higher in crystallinity, had a relatively low elastic modulus of 9.4 MPa and sup-
ported neuron outgrowth and differentiation (Lee et al.  2011 ; Lee and Arinzeh 
 2012 ). Human neural stem and progenitor cells stimulated on the annealed, micron- 
sized, aligned PVDF-TrFE fi bers differentiated toward neuron-like cells, as evi-
denced by positive β-III tubulin staining, extended the longest neurites, and also 
maintained a population of nestin-positive stem cells (Lee and Arinzeh  2012 ).

    Royo-Gascon et al. stimulated primary rat spinal cord neurons for 96 h on polar-
ized PVDF (PZ) and unpolarized PVDF (PV) fi lms at 50 Hz using a custom vibra-
tion platform (Royo-Gascon et al.  2013 ).  Bonfi re  (MATLAB scripts), which 
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  Fig. 5.6    SEM images of electrospun  PVDF–TrFE nano-sized random   ( a ) as-spun and ( b ) 
annealed, and aligned ( c ) as-spun and ( d ) annealed, PVDF–TrFE micron-sized random ( e ) as-spun 
and ( f ) annealed, and aligned ( g ) as-spun and ( h ) annealed, and electrospun PVDF nano-sized ( i ) 
random and ( j ) aligned scaffolds. Magnifi cation ×3500, scale bar 10 μm. Images reprinted with 
permission from the authors and publisher of Lee et al. ( 2011 )       
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interfaces with  Neuron J  of  Image J , was used to measure the total number of branch 
points, terminal points, processes, and branch order. Sholl analysis was used to 
quantify neurite spreading relative to the soma based on neurites intersecting with 
superimposed successive concentric circles centered on the soma. Neuronal density 
was also calculated by immunofl uorescently labeled neurons with the  microtubule- 
associated protein 2 (MAP2)  . All metrics, including branch point and processes, 
were signifi cantly higher for cells grown on stimulated PZ fi lms. Uniquely, this 

  Fig. 5.7    Confocal fl uorescent images of  DRG   stained with phalloidin (actin) on nano-sized as- 
spun and annealed ( a ,  b ) random and ( c ,  d ) aligned PVDF–TrFE and micron-sized as-spun and 
annealed ( e ,  f ) random and ( g ,  h ) aligned PVDF–TrFE scaffolds, a collagen-coated surface ( i ), and 
nano-sized ( j ) random and ( k ) aligned PVDF scaffolds (magnifi cation ×4, scale bar 300 μm). 
Confocal fl uorescent images of DRG neurite tips stained with phalloidin ( green ) attached to 
PVDF–TrFE micron-sized ( l ) annealed aligned and ( m ) as-spun random fi brous scaffolds ( red ) 
(magnifi cation ×20, scale bar 50 μm). Images reprinted with permission from the authors and 
publisher of Lee et al. ( 2011 )       
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study also investigated the effect of mechanical vibration alone by monitoring cells 
grown on PV fi lms; in all cases, metrics trended toward decreased response com-
pared to cells grown on unstimulated PV fi lms (Royo-Gascon et al.  2013 ). 

 Another piezoelectric material,  zinc oxide  , has demonstrated the ability to sup-
port the viability, proliferation, and differentiation of PC12 cells (Ciofani et al. 
 2012 ). Although these ZnO nanowire arrays have the potential to deliver electrical 
stimulation, this was not reported. The ability for an electrical cue to be delivered by 
bulk mechanical deformation of piezoelectric materials, perhaps by cerebrospinal 
fl uid circulation or body motion, is a compelling property for neural tissue engineer-
ing applications (Lee and Arinzeh  2012 ).      

5.3     Nanostructured Carbons 

    Nanostructured carbons      is a general term used to describe carbon-based materials 
with at least one dimension in the nanoscale, including but not limited to: graphene, 
single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes 
(MWCNTs), and amorphous carbon. The electrical, mechanical, chemical, and 
physical properties of nanostructured carbons make them attractive candidates for 
incorporation into tissue engineering substrates. In particular, electrical stimulation 
through nanostructured carbon-containing materials have induced proliferation, dif-
ferentiation, and neurite extension in neural stem cells and neurons. Further, surface 
modifi cation of nanostructured carbon allows for delivery of adhesive and trophic 
cues (Hu et al.  2004 ; Matsumoto et al.  2007 ; Jang et al.  2010 ). However, confl icting 
reports on carbon-based material toxicity raises concerns of the health risks associ-
ated with these materials, requiring researchers to understand the factors that infl u-
ence the in vitro and in vivo responses to nanostructured carbons (Liu et al.  2012 ). 
Factors such as impurities from synthesis, size, surface charge, aspect ratio, layer 
numbers, agglomeration, and surface topography can induce oxidative stress, 
infl ammation, DNA damage, fi brosis, or tissue transformations (Liu et al.  2012 ; 
Bosi et al.  2014 ; Jain and Pillai  2012 ). The molecular mechanisms underlying these 
toxic effects include oxidative stress and apoptosis but have been shown to be con-
centration and shape dependent (Zhang et al.  2010b ). Despite these concerns, there 
are numerous reports providing evidence supporting neuronal and glial cell growth 
on nanostructured carbon- based materials, particularly highlighting that aspect 
ratio, size, and surface modifi cations improve cytocompatibility (Hu et al.  2004 ; Liu 
et al.  2012 ; Zhang et al.  2010b ; Cho and Ben Borgens  2010 ; Jain et al.  2013a ,  b ; 
Thompson et al.  2009 ). Furthermore, several studies have shown the anti-infl amma-
tory effects of graphene foams and SWCNT-PEG hydrogels on microglia and astro-
cyte cell behavior, respectively (Song et al.  2014 ; Gottipati et al.  2012 ,  2013 ,  2014 ). 
 Carbon cytocompatibility   has been confi rmed most recently by an in vivo assess-
ment of chronic CNT fi ber implants for electrical stimulation and recording (Vitale 
et al.  2015 ). Reduced astrogliosis and microglial and pro-infl ammatory macrophage 
activity was found by immunohistological quantifi cation using CNT fi ber electrodes, 
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while delivering similar neuronal recording effi cacy when compared to traditional 
platinum iridium electrodes (Vitale et al.  2015 ). 

 Jain et al. electrospun carbon nanofi bers and spin-coated carbon fi lms from 
polyacrylonitrile solutions in DMF solvent to study neuroblastoma (N2a) and 
Schwann cell (RT4-D6P2T) fate in response to culture on amorphous carbon struc-
tures (Jain et al.  2013a ,  b ). Interestingly, carbon nanofi bers and fi lm substrates ren-
dered hydrophilic by oxygen plasma treatment (introduced —COOH groups), 
supported greater cell viability than UV treated substrates (—OH groups) when 
tested with the neuroblastoma cell Neuro-2a (N2a).  Schwann cells   stained for actin 
after 2 days of culture on carbon nanofi brous substrates showed alignment with the 
direction of fi ber orientation.  Flow cytometry analysis   revealed there to be no sig-
nifi cantly higher degree of apoptosis in Schwann cells after 5 days of culture on 
carbon nanofi brous substrates, compared to the control cells grown on tissue cul-
ture plastic (Jain et al.  2013b ). 

 Since their accidental discovery by Iijima in 1991, carbon nanotubes have 
inspired researchers to develop conductive composites containing variations of 
these unique materials for use in biomedical applications (Iijima  1991 ). Conductive 
biogels fabricated by drop casting homogeneous dispersions of SWCNTs with 
DNA, hyaluronic acid (HA), and chitosan (CS) have been reported to have low 
impedance values suitable for electrical stimulation applications for modulating cell 
behavior and neurotrophic factors release (Thompson et al.  2009 ). In a series of 
studies by Gottipati et al., morphological and functional behavior of astrocytes 
grown on SWCNT fi lms were found to be mediated by glial fi brillary acidic protein 
(GFAP) (Gottipati et al.  2012 ,  2013 ,  2014 ). The group attributed the decrease in 
astrocyte immunoreactivity to a CNT-induced dedifferentiation of astrocytes char-
acterized by morphology and GFAP expression, suggesting similarities to neural 
stem cells (Gottipati et al.  2013 ,  2014 ). Neural stem cells that were stimulated by 
SWCNTs wound into a ropelike structure differentiated into mature neurons as evi-
denced by higher MAP2 and β-tubulin III and lower Synapsin I (Syn1) expression 
(Huang et al.  2012 ). MAP2 and β-tubulin III serve as neuron-specifi c markers 
essential in neurogenesis. MAP2 is involved in microtubule assembly, and the 
β-tubulin III protein is a microtubule stabilizer (Huang et al.  2012 ). Syn1 is impli-
cated in the regulation of synapse formation and release of neurotransmitter from 
synaptic vesicles (Huang et al.  2012 ). 

  One study systematically reviewed the effect of MWCNT surface charge on neu-
rite outgrowth from rat hippocampal neurons (Hu et al.  2004 ). Hu et al. prepared a 
series of  MWCNTs   with various charges via chemical functionalization to assess 
neurite growth and branching. MWCNTs were either functionalized with carbox-
ylic groups to carry a negative charge (MWCNT-COOH), poly- m -aminobenzene 
sulfonic acid to carry a zwitterionic charge (±, MWCNT-PABS), or ethylenedi-
amine to carry a positive charge (MWCNT-EN). Number of neurons, growth cones 
and neurites, neurite length, and neurite branching were quantifi ed by fl uorescence 
microscopy using calcein for viability or the neuron-specifi c FITC-conjugated C 
fragment of tetanus toxin. All three functionalized MWCNTs supported neuronal 
growth as assessed by positive uptake of calcein. Growth cone number and neurite 
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length were greatest for the positively charged MWCNT-EN compared to MWCNT- 
PABS and MWCNT-COOH. Hu et al. concluded that the negatively charged 
MWCNT-COOH (deprotonated at pH 7.35) are not as effective in promoting initia-
tion of growth cones, whereas the amine groups of the MWCNT-EN are positively 
charged (Hu et al.  2004 ). 

 Results of several studies support the incorporation of MWCNTs in electroactive 
scaffolds. Cho and Borgens developed MWCNTs/collagen composite fi lms by dis-
persing HCl-treated MWCNTs in a 1 % w/v collagen solution (Cho and Ben Borgens 
 2010 ). The uniform dispersion of the 5 % CNT composite resulted in increased 
conductivity and lower resistivity (10 5  Ω cm), measured by cyclic voltammetry and 
four-point probe method. The cyclic voltammograms, the graphical trace output 
from cyclic voltammetry, for CNT/collagen composite fi lms showed that collagen/
CNT composites can transfer electrons to the working electrode surface compared 
to collagen only. Higher CNT concentration decreased PC12 metabolic activity, 
regardless of the exposure to 100 mV DC for 6 h. Although 5 % CNT/collagen com-
posites exhibited signifi cantly less viability compared to the 100 % collagen control, 
it did not appear that the CNT concentration had a negative effect at concentrations 
of 10 % CNT and below. PC12 cells cultured on 5 % CNT/collagen composites and 
stimulated with 100 mV for 6 h revealed an increase in neurite extension versus 
unstimulated cells (Cho and Ben Borgens  2010 ). 

  Carboxylated MWCNTs   have been successfully electrospun out of an aqueous 
methacrylated hyaluronic acid solution containing a photoinitiator to form  conduc-
tive hyaluronic acid nanofi bers (CNT-HA)   (Fig.  5.8b ). Under UV light exposure, 
and in the presence of a photoinitiator, the HA methacrylate groups crosslink to 
provide stability (Ifkovits et al.  2009 ). Electrical stimulation was delivered through 
the CNT-HA fi bers to whole chick DRG cultures for 4 h using a 4 mV/mm peak-to- 
peak square wave at a 1 kHz frequency. Anti-neurofi lament and DAPI staining 
revealed robust outgrowth on both unstimulated and stimulated CNT-HA nanofi bers 
as seen in Fig.  5.8  parts C and D, respectively. 

   Aligned electrospun  poly ( L -lactic acid-co-caprolactone) (PLCL) nanofi bers   
have been coated with MWCNTs following anionic modifi cation with potassium 
sodium tartrate (Jin et al.  2011a ,  b ). SEM analysis revealed MWCNT-coated PLCL 
fi bers to be generally rougher than the PLCL fi bers alone; diameters were measured 
to be between 1.3 and 1.5 μm. Jin et al. assessed neurite outgrowth of rat dorsal root 
ganglia neurons cultured on aligned MWCNT-coated PLCL fi bers for up to 9 days 
by fl uorescence microscopy after staining with Phalloidin to visualize actin fi la-
ments. Compared to control-aligned PLCL fi bers, PC12 neurite length on aligned 
MWCNT-coated PLCL fi bers was signifi cantly greater. Notably, PC12 FAK expres-
sion, indicative of integrin-mediated signal transduction involved in neurite out-
growth, was assessed on the MWCNT-coated PLCL fi bers by western blot band 
intensity and found to be higher compared to the control (Jin et al.  2011a ). 

 In recent years, graphene has garnered much attention as a potential conductive 
material in the development of electroactive scaffolds.  Graphene   deposited via LbL 
assembly onto PCL fi lms and nanofi bers enhanced primary cortical neuron attach-
ment and spreading, and supported branched and elongated neurites compared to 
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unmodifi ed PCL (Zhou et al.  2012 ). Sherrell and colleagues from the Wallace group 
were the fi rst to report electrical stimulation of PC12 cells on graphene. Following 
8 h of electrical stimulation daily for 3 days, a dramatic increase was observed in 
neurite length and connectivity compared to unstimulated cells cultured on bilayer 
graphene-coated 50:50 PLGA substrates (Sherrell et al.  2014 ). Both of these studies 
validate the ability to develop biocompatible conductive composites utilizing gra-
phene. The latter study employed drop-casting of the biopolymers over graphene 
during fabrication. The self-assembly layer-by-layer fabrication technique in the 
Zhou et al. study could fi nd wider application for incorporating graphene in bio-
polymer composites for electrical stimulation. In this method, graphene- 
polyelectrolyte multi-layers (PEMs) were self-assembled onto the substrate after 
surface activation with polythyleneimine by soaking in alternating solutions of a 
colloidal suspension  of   graphene nanosheets in a heparin solution (anionic layer) 
and a poly- L -lysine (PLL) solution (cationic layer) (Zhou et al.  2012 ). Elsewhere, 
the Wallace group has reported successful preparation of stable dispersions of 
 chemically converted graphene (CCG)   in  dimethylformamide (DMF)  , which led to 
the fabrication of covalently linked graphene/polycaprolactone composites 

  Fig. 5.8     FE-SEM micrographs   (scale bar 1 μm) of ( a ) pristine MWCNTs ( b ) HA nanofi bers. 
DRGs grown on 1 % CNT-HA nanofi bers after 96 h culture ( a ) unstimulated or ( b ) stimulated 
(scale bar 500 μm)       
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(cPCL- CCG) (Sayyar et al.  2013 ). Material characterization of the PCL-CCG com-
posites confi rmed homogenous dispersion of the graphene nanosheets within the 
PCL polymer matrix. The conductivities of the cPCL-CCG composites with 0.5 and 
5 % CCG were ~10 and ~11 orders of magnitude greater than pristine PCL (Sayyar 
et al.  2013 ). Incorporation of CCG into PCL scaffolds did not alter biocompatibil-
ity; fi lms robustly supported the attachment and proliferation of 3 different cell 
types: L929 fi broblasts, C2C12 myoblasts, and PC12 cells (Sayyar et al.  2013 ). 

 A summary of the studies involving the other ICPs as well as piezoelectric and 
nanostructured carbons is provided in Table  5.2 .  

5.4        In Vivo Studies 

   Most  of      the in vivo work with conductive materials completed to date have been 
assessments of biocompatibility and nerve regeneration without the application of 
electrical stimulation. Yu et al. electrospun 1 % w/w MWCNT into collagen/PCL 
nanofi bers to form nerve guide conduits (NGCs) to study treatment effi cacy as well 
as the biocompatibility and toxicology of MWCNTs in an in vivo rat sciatic nerve 
injury model (Yu et al.  2014 ). The scaffolds demonstrated the abilities to support 
in vitro Schwann cell adhesion and elongation and to promote in vivo nerve regen-
eration without inducing infl ammation when compared to the negative control (Yu 
et al.  2014 ). 

 PPy-copolymers have also exhibited in vivo biocompatibility. In the 2010 
Durgam study, biodegradable composite nerve guidance channels were fabricated 
by airbrushing a layer of a PPy co-polymer over  poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHB-HV) fi lms   which were then cut and rolled around a 1.2-mm 
mandrel (Durgam et al.  2010 ). The PPy block co-polymer was synthesized with 
either PCL or poly(ethyl cyanoacrylate) (PECA). NGCs were used to repair 10-mm 
gaps in the sciatic nerve and recovered for histology after 8 weeks. No infl ammation 
was detected as evidenced by the absence of macrophages. All of the NGC treat-
ments using either PPy, PPy-PECA, PHB-V, or PPy-PCL resulted in fi ber cables of 
comparable size with similar density of neurofi lament (Durgam et al.  2010 ). Xu 
et al. fabricated PPy/PDLLA conduits by a dip coating method in which a cylindri-
cal mandrel was repeatedly submerged into a PPy/PDLLA emulsion (Xu et al. 
 2014 ). Five percent PPy/PDLLA nerve conduits bridged 10 mm defects in a rat 
sciatic nerve model. After 6 months, the functional recovery and nerve regeneration 
in rats receiving PPy/PDLLA conduits were signifi cantly greater than those with 
PDLLA conduits and statistically similar to autologous nerve grafts. 

 Numerous studies from the Gordon group have investigated the application of 
electrical stimulation to the injured sciatic nerve with electrodes rather than a mate-
rial intervention. The electrodes consist of looped insulated wires on either side of 
the nerve stump, with the anode located proximally and the cathode distal to the 
repair site. The stimulator delivered supramaximal 3 V, 100 μs impulses in a con-
tinuous 20 Hz train, the frequency of hindlimb motoneuron discharge, for either 1 h, 
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1 day, 1 week, or 2 weeks (Al-Majed et al.  2000a ). In the 2000 study, which used 
neurotracers to backlabel motorneurons that have been cut following regeneration, 
it was found that 1 h of stimulation was equally as effective as the long-term condi-
tions in accelerating complete regeneration of the nerve from 10 weeks to 3 weeks. 
Based on the additional fi ndings using an action potential blockade experiment that 
the effects of electrical stimulation were mediated by the neuron cell bodies, a sepa-
rate study reported the results of in situ hybridization measurements that electrical 
stimulation increases the motoneuron expression of BDNF and its receptor trkB 
(Al-Majed et al.  2000b ). Further, accelerated axon growth was associated with an 
upregulation of the regeneration-associated genes of Tα1-tubulin and GAP-43, a 
cytoskeleton protein and stabilizer(Al-Majed et al.  2004 ). Direct application of 
electrical stimulation to the injured nerve following repair has also resulted in accel-
erated sensory axon regeneration and functional recovery and modulated spinal 
cord plasticity by maintaining the expression of substance P in afferent neurons in 
the dorsal horn (Brushart et al.  2002 ; Brushart et al.  2005 ; Geremia et al.  2007 ; Vivo 
et al.  2008 ).    

5.5     Conclusions and Future Directions 

 There are a variety of potential material candidates to serve as scaffold components 
to deliver an electrical cue. Future work should include systematic characterization 
of the molecular mechanisms underlying regenerative cell behavior following elec-
trical stimulation. Understanding the conductive material-protein-cell interactions 
informs material selection during scaffold design and is crucial in developing clini-
cally translational neural tissue engineering treatments. 

5.5.1     Electrical Stimulation: Incomplete Mechanistic Evidence 

   A handful of studies have  provided      evidence for identifying molecular targets 
affected by electrical stimulation. A 2012 Guo et al. study observed an increase in 
the expression of the extracellular matrix proteins collagen I, elastin, and fi bronectin 
I by NIH 3T3 fi broblasts piezoelectrically excited through polyurethane (PU)/
PVDF scaffolds affi xed to a  fl exible-bottomed culture plate (Flexcell)   by applying 
an 8 % deformation at 0.5 Hz (Guo et al.  2012 ). The protein expression from cells 
cultured on nonpiezoelectric-excited PU/PVDF scaffolds and PU scaffolds under 
the same deformation conditions were not signifi cantly different from one another 
(Guo et al.  2012 ). When PC12 cells were cultured on a CNT-coated PLCL fi brous 
scaffold, Jin et al. discovered increased expression of  focal adhesion kinase (FAK)  , 
which plays a role in integrin-mediated binding (Jin et al.  2011a ). Although this 
result suggests that FAK activation due to integrin receptors binding to CNTs may 
be involved in the pathway responsible for increased neurite outgrowth, further 
investigation is needed to determine if this observation is repeatable and 
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quantifi able under electrical stimulation conditions. Using adult rat DRG neurons 
and PC12 cells, Eva et al. demonstrated that the proteins ARF6 and Rab11 are 
required for optimal integrin-dependent axon regeneration following injury, due to 
their roles in traffi cking of the integrin subunits,  α9  and  β1  (Eva et al.  2012 ). These 
integrins may serve as viable targets to elucidate their involvement in FAK activa-
tion in future studies. 

 Other studies investigating receptor-mediated mechanisms indicate  voltage- 
gated calcium channels   to play a role in enhanced neurite outgrowth. Several studies 
have reported accelerated motoneuron axonal regeneration in response to an AC 
square wave signal that was associated with an upregulation of BDNF and the 
receptor trkB (Al-Majed et al.  2000b ,  2004 ). Multiple promoters can be activated to 
induce BDNF transcription by pathways involving trkB receptors as well as through 
calcium infl ux through voltage-gated calcium channels and NMDA receptors. Ca 2+ -
dependent signaling is propagated to calcium responsive elements regulated by 
calcium-stimulated protein kinases (Zheng et al.  2011 ). After being released from 
the post-synaptic membrane, BDNF can act in an autocrine fashion on local trkB 
receptors triggering the MAPK signaling cascade that downstream increases actin 
polymerization (Brushart et al.  2002 ; Hronik-Tupaj et al.  2013 ; Difato et al.  2011 ). 
 Calcium infl ux   has also been associated with f-actin polymerization during growth 
cone formation (Kamber et al.  2009 ). GAP-43 stabilizes f-actin polymerization and 
microtubule formation in the growth cone (Aigner and Caroni  1995 ). Interestingly, 
the electrical stimulation studies that found increased expression of BDNF and its 
receptor trk-B associated with accelerated motoneuron growth, also found an 
increase in GAP-43 expression and the cytoskeletal proteins tubulin and actin 
(Al-Majed et al.  2004 ; Hronik- Tupaj et al.  2013 ). 

 Wenjin et al. ( 2011 ) demonstrated that BDNF expression following electrical 
stimulation is dependent on calcium infl ux through  voltage-gated calcium channels 
(VGCC)  , which activates the extracellular signal regulated kinase (Erk) pathways. 
Electrical stimulation of spinal cord neuron cultures treated with the L-type VGCC 
inhibitor nifedipine resulted in a reduction in the upregulation of BDNF expression 
seen with the stimulated controls (Wenjin et al.  2011 ). Nifedipine is in the dihydro-
pyridine class of antagonistic molecules that block L-type VGCC activity (Gurkoff 
et al.  2013 ). The Erk phosphorylation inhibitor PD98059 eliminated the upregula-
tion of BDNF seen in stimulated controls and reduced expression beyond the basal 
levels measured in the unstimulated controls. PD98058 specifi cally blocks the phos-
phorylation of Erk which then prevents the phosphorylation of the transcription 
factor CREB required in BDNF transcription (Wenjin et al.  2011 ). 

 Calcium channels and  two-pore domain potassium (2-PK) channels   can be infl u-
enced by electrical stimulation serving to activate neurite outgrowth through cyto-
skeletal protein synthesis (Huang et al.  2012 ; Mathie et al.  2003 ). Electric fi eld 
stimulation may regulate protein kinase A and C phosphorylation, which mediate 
the activation of the 2-PK channel (Mathie et al.  2003 ). Two groups have demon-
strated that electrical stimulation of Schwann cells activates T-type voltage-gated 
calcium channels leading to increased intracellular calcium production resulting in 
calcium-dependent exocytosis of NGF (Huang et al.  2010b ; Koppes et al.  2014 ). 
Similarly, through the use of calcium imaging,  VGCCs   have been identifi ed as the 
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transducers of electrical cues in neural stem cells differentiated into neurons (Park 
et al.  2011 ) and embryonic rat hippocampal neurons (Wang et al.  2006 ), when 
stimulated through graphene and CNT substrates. 

 Toward defi ning electrical cue signal parameters, Shi et al. applied both voltage-
defi ned signals (100 mV/mm) and current-defi ned signals (2.5, 25, and 250 μA/
mm) to human cutaneous fi broblasts cultured on gold-coated Petri dishes (Shi et al. 
 2008 ). They found no signifi cant effect of the surface current density on cell adhe-
sion or viability; whereas, the constant 100 mV/mm electrical fi eld signifi cantly 
increased adhesion and viability. These results taken in accordance with the previ-
ous discussion  on   VGCCs suggest that voltage rather than current modulates the 
effects of electrical stimulation on cell behavior. One theory suggests that enhanced 
neurite outgrowth may be due to ionic current in the culture medium or interstitial 
fl uid due to the applied electric fi eld (Schmidt et al.  1997 ; Patel and Poo  1982 ). 

 There is debate concerning the method of electrical stimulation, as to whether 
the electrodes that are delivering the electrical signal to the conductive material 
must be separated from the media surrounding the cells during culture (Pires et al. 
 2015 ). Schmidt argues that if the stimulus is under the point at which electrolysis of 
water occurs (1.2 V), then the electrodes can be in contact with the cell media 
(Schmidt et al.  1997 ). Results from both Patel and Schmidt provide evidence that 
fi eld-induced ion transport through the media played no role in the effects elicited 
by electrical stimulation. The former discovered more growth-controlling mem-
brane glycoproteins in growth cones near the cathode, suggesting an electrophoretic 
redistribution of charged membrane components (Patel and Poo  1982 ). When cells 
are cultured on plastic with an exogenously applied current, Schmidt and colleagues 
found results similar to the non-stimulated control (Schmidt et al.  1997 ). 

 Other studies attribute enhanced cell behavior to be due to the attraction and 
adsorption of serum proteins to the surface of the stimulated substrate. Kotwal 
and Schmidt observed enhanced neurite outgrowth in PC12 cells following sur-
face adsorption of fi bronectin to PPy fi lms (Kotwal and Schmidt  2001 ). 
Interestingly, neurite outgrowth was not increased if stimulation was delayed for 
2 h. The group offered altered protein conformation following stimulation to 
explain enhanced neurite outgrowth. Recently, Schmidt and colleagues have sys-
tematically investigated the effects of protein adsorption and electric fi eld 
strength on Schwann cell behavior. Their results suggest that Schwann cell 
migration directionality toward the anode is a function of electric-fi eld-mediated 
phenomenon whereas migration speed is an integrin- or receptor-mediated phe-
nomenon (Forciniti et al.  2014 ). Factors such as using composite PPy materials 
or co-culturing Schwann cells with neurons could be effecting the results of pre-
vious studies that concluded that migration is electric fi eld mediated. For exam-
ple, Quigley observed increased migration distance of Schwann cells from DRG 
explants after electrical stimulation on a PPy platform upon which 75:25 
PLA:PLGA fi bers had been wet-spun (Quigley et al.  2009 ). Cell–cell interac-
tions between neurons and Schwann cells as well as the polymer blend may have 
infl uenced Schwann cell behavior.    
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5.5.2     Future Work 

 While there is an ever-growing body of studies indicating benefi ts of electrical 
stimulation, future in vitro studies should include data to elucidate the molecular 
mechanisms behind  enhanced   neural and glial cell behavior. Experiments utilize 
quantitative RT-PCR, in-cell western blot analyses, and fl ow cytometry function to 
determine the targets and molecular pathways involved.  siRNA   knockdown studies 
could help determine signal transduction pathways that may be affected by electri-
cal stimulation. Once more comprehensive evidence of molecular mechanisms has 
been collected, electrical stimulation of co-cultures of neurons and glial cells could 
be informative to gain a systems understanding. Further, once molecular pathway 
targets have been identifi ed, the exact parameters of the electrical stimulus or wave-
form necessary to elicit desired effects can be defi ned. 

 It is critical to drive forward  animal testing   to gain crucial information regarding 
long-term physiological response to conductive materials, functional recovery of 
nerves, and immune response to degradation products. In a review of peripheral 
nerve regeneration, Bellamkonda emphasizes several key points with regards to 
evaluating scaffold effi cacy in animal models. First, the scaffolds in question 
should repair nerve defects greater than 15 mm (in rats) and be compared to control 
autografts. If these repairs are successful, the scaffolds should then be tested in a 
larger animal model with gap lengths greater than 40 mm. He asserts that in order 
for these interventions to be clinically translatable, it is equally important to per-
form electrophysiological studies to assess the functional repair of sensory and 
motor nerve fi bers in addition to histological measurement of neuromuscular junc-
tions (Bellamkonda  2006 ). Extending these principles to in vivo electrical stimula-
tion studies is essential for characterizing the effi cacy of interventions using 
conductive scaffolds. 

 From the conductive scaffold design and synthesis side, fabrication techniques 
utilizing 3D printing and extrusion technologies may become more widespread. 
Mire et al. embedded conductive PEDOT tracks into chitosan and HA-based sub-
strates using custom-built extrusion printing systems with programmable  xyz -
translation paving the way for future gel matrix-based, integrated structures 
containing embedded conductive components, cells, and microdevices (Mire et al. 
 2011 ). Inkjet printing techniques allow for high resolution for enhanced spatial 
control over cell behavior when delivering electrical stimulation (Mire et al.  2011 ; 
Weng et al.  2012 ).   

5.6     Conclusion 

 To summarize, studies to date have demonstrated the potential for electrically con-
ductive materials to elicit regenerative behavior in neural tissue cell types. Future 
success in clinical translation is dependent on:
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    (1)    Characterizing the mechanisms infl uenced by electrical stimulation that 
infl uence cell behavior   

   (2)    Designing conductive materials that meet all of the design criteria   
   (3)    and systematically testing effi cacy in functional in vivo studies     

 The implications of developing effective conductive biomaterials that modulate 
cell behavior based on mechanistic understanding extend beyond neural tissue into 
the broader realm of all organ systems in the tissue engineering and regenerative 
medicine fi elds.   
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    Chapter 6   
 Bioactive Nanomaterials for Neural 
Engineering                     

     Melike     Sever    ,     Idil     Uyan    ,     Ayse     B.     Tekinay    , and     Mustafa     O.     Guler   

6.1          Introduction 

6.1.1     Nerve Regeneration and the Roles of Extracellular 
Matrix Elements 

    Nervous system is a highly  co        mplex interconnected network and higher organisms 
including humans have limited neural regeneration capacity. Neurodegenerative 
diseases result in signifi cant cognitive, sensory, or motor impairments. Following 
an injury in the neural network, there is a balance between promotion and inhibi-
tion of regeneration and this balance is shifted to different directions in central 
nervous system (CNS) and peripheral nervous system (PNS). More regeneration 
capacity is observed in the PNS compared to the CNS. Although, several mecha-
nisms play roles in the inhibitory and growth-promoting natures of the CNS and 
PNS, extracellular matrix (ECM) elements are key players in this process. ECM is 
a three- dimensional environment where the cells migrate, proliferate, and differ-
entiate (Rutka et al.  1988 ; Pan et al.  1997 ). After a comprehensive investigation of 
the interactions between the ECM proteins and cell receptors, the ECM environ-
ment was found to regulate signifi cant cellular processes such as survival, prolif-
eration, differentiation, and migration (Yurchenco and Cheng  1994 ; Aszodi et al. 
 2006 ). Its components have major roles not only in neurogenesis during develop-
ment of the nervous system but also in normal neural functioning during adulthood 
(Hubert et al.  2009 ).    
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6.1.1.1     Peripheral Nervous System 

    In the PNS, neurons (axons) and  Schwann         cells are the major cellular elements. 
Endoneurium tissue is the connective tissue that surrounds individual axon-Schwann 
cell units, whereas perineurium covers a fascicle of axons. Perineurium also acts as 
a barrier against fl uxes of ionic and macromolecular compounds between connec-
tive and vascular tissues and endoneurium (Siegel et al.  1999 ).  Epineurium   is the 
outermost connective tissue, which covers the entire nerve (Bunge et al.  1989 ). In 
the endoneurium, Schwann cells are abundant, whereas fi broblasts form 10 % of the 
cell population (Verheijen et al.  2003 ). Myelination after axonal regeneration has a 
central role for functional outcomes, and proper ECM formation has strong infl u-
ence on this process (Bunge  1993 ). 

 Basal lamina of PNS contains laminin, fi bronectin, entactin, and heparan sulfate 
proteoglycans (Bunge  1993 ) and collagens (Shellswell et al.  1979 ).  Laminin   is syn-
thesized by the Schwann cells, and it is considered to have the leading bioactivity in 
terms of growth, adhesion, and migration of these cells (Milner et al.  1997 ).  Laminin   
has also been shown to have a critical effect on myelination during peripheral nerve 
regeneration in culture systems (Tsiper and Yurchenco  2002 ). As another basal 
lamina element, collagen is the major ECM protein and it is produced mostly by the 
fi broblasts and Schwann cells in fi brillary and nonfi brillar forms (Koopmans et al. 
 2009 ). Fibrous types of collagens: collagen I, III, and V are found in all three 
ensheathing layers of peripheral nerve tissue. Collagen type-I and III are present in 
small diameters in the external face of Schwann cell basal lamina, whereas collagen 
type-V colocalizes with them in addition to enveloping myelinating Schwann cells 
in the basal lamina (Chernousov et al.  2006 ). Schwann cells also produce a more 
glycosylated and nonfi brillar type of collagen, collagen IV, which is a principle 
component of basal lamina. Collagen IV has a role in integrating laminin, perlecan, 
nidogen, and other ECM proteins into a supramolecular structure (Hudson et al. 
 1993 ) in the basal lamina surrounding Schwann cells, the perineurial cells, and 
endoneurial capillaries (Koopmans et al.  2009 ). Fibroblasts produce a fi brillary net-
work of collagens and provide the framework required for Schwann cell ensheath-
ment of regenerating axons (Eather et al.  1986 ). Fibronectin is another important 
ECM protein that has a very defi ned and specifi c expression pattern to guide neuro-
nal outgrowth (Sheppard et al.  1991 ). Interaction of fi bronectin with collagen, hepa-
rin, fi brin, and integrins via its specifi c domains results in cellular responses 
including cell adhesion, Schwann cell motility, and growth (Ahmed and Brown 
 1999 ).  Chondroitin sulfate proteoglycans (CSPG)   are also abundant in the Schwann 
cell ECM; however, they show inhibitory activity in contrast to other ECM ele-
ments in the PNS tissue (Braunewell et al.  1995 ). 

 Although complete recovery of PNS is not common, especially for large gaps, 
PNS injury environment is more permissive for regeneration compared to 
CNS. Nonneuronal cells respond to injury and start a key event called “Wallerian 
degeneration” (Waller  1850 ). This process initiates a series of events, which 
together help clearance of inhibitory myelin debris and promotion of axon regrowth 
(Griffi n et al.  1995 ).  Axon degeneration   starts several days after the injury, leaving 

M. Sever et al.



183

the tissues denervated (Gilliatt and Hjorth  1972 ). When calcium starts to infl ux 
from the ECM and internal Ca 2+  stores to the injured axon (Stirling and Stys  2010 ), 
calpain is activated, a protease, which functions in cytoskeletal degradation and 
axonal degeneration (Wang et al.  2004 ). Schwann cells and fi broblasts secrete 
tropic and tropic factors, and detached Schwann cells go through proliferation. The 
basal lamina remains and guides endoneurium toward the distal site (Fu and Gordon 
 1997 ). Schwann cells form Bands of Büngner with the help of fi brin cables, where 
fi broblasts and blood vessels can also use as a guiding surface (Williams et al. 
 1983 ). Fibrin is later replaced by collagens produced by fi broblasts and laminin 
secreted by Schwann cells. Regeneration fails when the initial fi brin cable cannot be 
formed due to a large gap (Yannas et al.  2007 ).     

6.1.1.2     Central Nervous System 

    Apart from the neurons and glial  cells        , ECM constitutes 10–20 % volume of the 
CNS (Bignami et al.  1993 ). While specifi c pathfi nding, migration, and differentia-
tion of the cells are regulated by specifi c ECM proteins during CNS development 
(Bandtlow and Zimmermann  2000 ), ECM components play role in stabilization of 
the structure, regulation of the synaptic plasticity, and prevention of aberrant synap-
tic remodeling throughout the adulthood (Dityatev and Schachner  2003 ). The 
matrix forms a dense network of proteins and glycans, facilitating the organization 
of the cells as well as providing structural support to them (Lau et al.  2013 ). Basal 
lamina, perineuronal nets, and interstitial matrix form the ECM structurally. 
Basement membrane is the tissue that covers the entire pial surface of the CNS and 
it comprises of collagen, laminin, nidogen, fi bronectin, dystroglycan, and perlecan. 
On the contrary, the matrix surrounding the neurons, perineuronal nets, have a net-
work majorly made up of proteoglycans,  tenascin R  , and other proteins (Kwok et al. 
 2011 ), which conserve and maintain synaptic plasticity. Interstitial network is 
formed by proteoglycans, hyaluronan, tenascins, and other linking proteins (Rauch 
 2007 ). Moreover, collagen, elastin, laminin, and fi bronectin also participate in the 
structure of the network, however in smaller amounts (Lau et al.  2013 ). 

 Following a damage to the CNS, a series of molecular and cellular events occur 
resulting in inhibition of regeneration process. Glial scar tissue formation is trig-
gered by the entrance of non-CNS elements to the CNS. Although it leads to inhibi-
tion of regeneration, one important benefi cial role of glial scar is to preserve the 
damaged tissue, repair the blood–brain barrier (BBB), and minimize cellular degen-
eration and infl ammatory burden (Silver and Miller  2004 ; Bush et al.  1999 ). First, 
macrophages migrate to the injury site from the blood due to BBB disruption. Then, 
oligodendrocyte precursors migrate to the injury site in massive numbers. Finally, 
astrocytes proliferate and migrate to the area to fi ll in the injury area and become 
reactive, which is a process called “reactive astrogliosis” (Fawcett and Asher  1999 ). 
Reactive astrocytes produce glial fi brillary acidic protein (GFAP) after CNS injury, 
which can also be used as a marker for glial scar formation. Although GFAP pro-
duction is similar to collagen fi bers, they are important in regeneration process. 
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ECM of CNS is composed of protein or proteoglycan-based aggregates, whereas 
native PNS ECM has a fi brous structure (Alovskaya et al.  2007 ). 

 Besides producing growth promoting factors, astrocytes also produce four dif-
ferent types of proteoglycans, which are made up of a core protein and sulfated 
glycosaminoglycan chains attached to the sides that are inhibitory to regeneration: 
heparan sulfate proteoglycan (HSPG), dermatan sulfate proteoglycan (DSPG), ker-
atan sulfate proteoglycan (KSPG), and CSPG (Larsen et al.  2003 ). Hyaluronic acid 
is another carbohydrate, which is also present in the ECM of CNS. It interacts with 
proteoglycans to form a mesh-like structure in the perineuronal network (Kwok 
et al.  2010 ). During development, CSPG plays a role in inhibitory patterning of 
neuronal pathway (Tang et al.  2003 ). In healthy adult perineuronal networks, they 
are involved in stabilization of synaptic plasticity (Hunanyan et al.  2010 ). However, 
upregulated levels of  CSPGs   are known to increase glial scar in the mature spinal 
cord and brain (Becker and Becker  2002 ), and they inhibit neurite outgrowth exten-
sively in vitro (Sharma et al.  2012 ). They are upregulated within 24 h following 
injury and they remain at the injury site for months (McKeon et al.  1999 ; Jones et al. 
 2003 ). Mechanism of  CSPGs   inhibition is thought to be both nonspecifi c, through 
the contact of negatively charged glycosaminoglycan chains, and specifi c through 
signaling mechanisms by interacting with PTP and receptors (Dickendesher et al. 
 2012 ; Sharma et al.  2012 ).      

6.1.2     Blood–Brain Barrier and Blood–Spinal Cord Barrier 

     BBB and  blood–spinal cord barrier (BSCB)    are         mechanisms that act as shields 
between CNS and blood and they preserve homeostasis in organisms with well- 
developed CNS (Abbott  2005 ). Even though they have similar morphological 
characteristics and functions such as preservation of CNS, BBB and BSCB are con-
sidered to be different processes. Both BBB and BSCB are composed of nonfenes-
trated endothelial cells, basement membrane, pericytes, and astrocytic end processes. 
Endothelial cells have tight junctions via claudin, occludin, and adherens junction 
molecules (Abbott et al.  2006 ). BSCB differs from BBB in terms of permeability of 
different molecules. Furthermore, there are glycogen deposits in the microvessels, 
which are not present on the cerebral vascular structure (Sharma  2005 ) and are 
thought to serve as an endogenous energy source. Cellular components of BBB are 
microvascular endothelium, astrocytes, basement membrane, pericytes, and the 
neurons that are in physical proximity to the microvascular endothelial cells. The 
neurons in the brain and the spinal cord communicate through chemical signals via 
neurotransmitters and modulators, and electrical signals via synaptic potentials and 
action potentials, which form a complex network. Ionic movements across the neu-
ronal membranes are involved in the signaling processes. There are also the ionic 
fl uxes, which maintain the resting membrane potentials stable and the ionic move-
ments involved with electrochemical signals are transmitted on this background of 
ionic fl uxes. In order for signal transmission to be precise, reliable, and consistent, 
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ionic composition of the brain extracellular milieu needs to be preserved against the 
rapid fl uctuations of ionic composition in the blood caused by physical exercise or 
food intake. There is evolutionary evidence that ionic movements were the major 
factor driving barriers between CNS and blood, and the barriers gained other func-
tions subsequently (Abbott  1992 ). 

  Brain microvascular endothelial cells (BMVEC)   are responsible for regulation 
of function such as transportation of micro and macronutrients, receptor-mediated 
signaling, regulation of osmotic pressure, and leukocyte traffi cking. They impede 
free exchange of solutes (Ohtsuki and Terasaki  2007 ) with the exception of lipid- 
soluble molecules smaller than 400 Da with less than nine hydrogen bonds, which 
are able to cross BBB via lipid mediated diffusion (Pardridge  2007 ). Structurally, 
the cells are connected to each other via tight junctions (TJs), adherens junctions 
(AJs) (Hawkins and Davis  2005 ), and  gap junctions   (Boulay et al.  2015 ), which are 
required for the compact characteristics of the barrier. Their main role is to restrict 
passage of unwanted molecules between blood and brain by forming a continuous 
layer of membrane that does not contain fenestrae, which are normally found on 
the endothelial cells of blood vessels for rapid exchange of molecules. Along with 
the physical barrier created by junctional elements and low transcytotic activity, 
endothelial cells also create an enzymatic barrier against potential lipophilic sub-
stances, such as lipophilic drugs and toxic substances (El-Bacha and Minn  1999 ), 
which provides a metabolic barrier to the brain (El-Bacha and Minn  1999 ). Neurons 
at the periphery are connected through astrocytic interactions to the BBB (Abbott 
et al.  2006 ) and together with the other neovascular unit elements (astrocytes and 
pericytes), they provide required paracrine signals to the endothelium (Deane and 
Zlokovic  2007 ) and control BBB permeability, structure, and function (Abbott 
et al.  2006 ). 

 The CNS barriers protect nervous system homeostasis and they control molecu-
lar traffi c, toxins, neuronal signaling, low protein environment in CNS, and neuro-
nal circuits. They reduce cross talk by separation of central and peripheral 
neurotransmitter pools and ensuring minimal infl ammatory response and functional 
impairment during immune surveillance (Abbott  2013 ).      

6.1.3     Challenges in Engineering Biomaterials for Nervous 
System Repair 

   Following a nervous system injury, regeneration capacity usually depends  on      the 
extent of the injury, the distance of the injury to the cell body, and biological status 
of the patient (morbidity, age, etc.) (Faroni et al.  2015 ). The PNS and CNS respond 
to injury in their own unique way. In the PNS, Wallerian degeneration occurs in the 
distal end following a series of pathophysiological events. The distal portion of the 
nerve is degenerated and the cellular debris is digested by the macrophages and 
monocytes (Stoll et al.  1989 ). Schwann cells form the Bands of Büngner in order to 
guide regenerating axonal sprouts to its synaptic target (Chaudhry et al.  1992 ; 
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Schmidt and Leach  2003 ). During the extension process, bridging the gap between 
the two ends and optimizing the environment physically, chemically, and biologi-
cally is a strategy that has been followed (Schmidt and Leach  2003 ). In PNS, the 
challenge is to fi nd a perfect alternative to autologous nerve grafts: eliminating risks 
of secondary surgeries and precluding secondary damage on the body. Even though 
structural plasticity is achieved clinically, functional plasticity does not always 
reach complete state and it still is another principal consideration in PNS regenera-
tion studies. Autologous nerve graft treatment shows 50 % clinical functional recov-
ery (Lee and Wolfe  2000 ). Furthermore, use of natural proteins for therapeutic 
purposes can cause immunogenic reactions. Sustained delivery or storage of growth 
factors are also required in order for effective usage of growth factors (Schmidt and 
Leach  2003 ). 

 CNS has much smaller capacity to regenerate; thus, CNS therapies are more 
challenging. Embryonic spinal cord and peripheral nerve grafts have been shown to 
support regeneration of CNS fi bers, however failed to successfully grow through 
the CNS–PNS transition zone (Bernstein and Goldberg  1995 ) (Carlstedt  1997 ). 
CNS does not have a permissive nature for regeneration. There are many reasons 
behind the obstructive environment of CNS injuries. Regeneration-associated genes 
are expressed at low levels in the CNS (Bulsara et al.  2002 ). Following the CNS 
injury, glial scar is formed and inhibitory molecules are released at the site of injury. 
Cellular debris and inhibitory myelin components are cleared much slowly com-
pared to the PNS as a result of low infi ltration levels of macrophages through the 
brain–spinal cord barrier (Avellino et al.  1995 ). Moreover, astrocytes proliferate at 
the site of injury, in a similar way to Schwann cell proliferation, however, in con-
trast, creating an inhibitory environment and becoming reactive astrocytes (McKeon 
et al.  1991 ). Thus, nerve regeneration studies focus on suppressing the inhibitory 
nature of the nervous system injuries and future directions in PNS and CNS repair 
include combining multiple cues at a time to increase the regeneration capacity 
(Schmidt and Leach  2003 ). BBB is another obstacle for drug delivery to the brain, 
considering that intracranial injections are much more invasive than other adminis-
tration (i.e., intravenous, oral) methods. Another challenge for drug delivery is 
accurate targeting of the correct population of the cells.     

6.2     Biomaterial Design for Peripheral Nerve Repair 

   PNS injuries most commonly caused  by      trauma (Ichihara et al.  2008 ), bone frac-
tures, or joint dislocations (Zumwalt and Wooldridge  2014 ). They result in partial 
loss of sense or motor function in the distal segment of the injured axon (Navarro 
et al.  2007 ). The potential to achieve functional recovery depends on the severity of 
the damage at the axon, nerve tube, or connective tissues at the injury site, timing of 
the surgery, surgical technique used, and postoperational rehabilitation (Lanaras 
et al.  2009 ; Barton et al.  2014 ). 

 As a clinical strategy, the two ends of the nerve are sutured if the gap between 
the distal and proximal end is <2 cm. However, other alternatives are considered in 
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cases of nerve segmental loss with a consequent gap longer than 2 cm because of 
the tension that emerges when two ends are sutured to each other (Johnson et al. 
 2005 ). Nerve grafting or nerve conduits are standard procedure in cases like these 
(Siemionow and Brzezicki  2009 ; Pabari et al.  2010 ). During autograft nerve trans-
plants, a nerve segment is transplanted from another region of the same patient. 
Clinically, autografts are accepted as the “gold standard” because of being nonim-
munogenic and having best possible combination of the natural environment 
required for nerve regeneration. Autografts provide bridging of two ends, allowing 
physical adherence guidance and proper support for Schwann cell proliferation. 
On the other hand, they have some drawbacks such as sensation at the donor site, 
creating a second incision in the body, and having a limited supply of the donor 
site. Cadaveric nerve allografts are another option as nerve grafts, which do not 
require a second incision on the patient, however, compel systemic immunosup-
pression (Trumble and Shon  2000 ; Pollard et al.  1971 ; Mackinnon et al.  1982 ; 
Lassner et al.  1989 ; Gulati and Cole  1990 ; Gulati  1998 ). This technique is usually 
preferred in cases like severely damaged segmental nerve loss (Ray and Mackinnon 
 2010 ). Although nerve grafts seem plausible because of their optimal nature for 
regeneration, only 50 % of patients with autograft nerve transplants regain func-
tional nerve regeneration (Lee and Wolfe  2000 ) and the drawbacks of these tech-
niques have led to development of synthetic and biological nerve guidance conduits 
(Fansa et al.  2001 ; Walsh et al.  2009 ; Glasby et al.  1986 ). For this purpose, a pri-
mary concern should be mimicking the native environment of the PNS for optimal 
nerve regeneration. Some of the important points that should be taken into consid-
eration while designing a peripheral construct are supporting axonal migration, 
promotion of viability, and proliferation of Schwann cells; proper storage of growth 
factors; and providing multiple cues from the native ECM (Evans  2000 ). In this 
regard, biodegradable hollow neural guidance channels can be used with ECM 
mimicking matrix fi llers, coatings, and growth factor storing scaffolds. Schwann 
cell transplantation is another alternative that can be delivered within these scaf-
folds (De Luca et al.  2014 ).   

6.2.1     Engineering Topographical and Mechanical Properties 
for Neural Guidance 

  Biocompatible and bioactive  mater  ials have been utilized in order to mimic physi-
cal, chemical, and biological properties of the native neural tissue. Cells are dis-
tinctly responsive to every cue in their environment including surface topography, 
stiffness, and interacting fi ber diameter and change their behavior accordingly 
(Georges and Janmey  2005 ; Pedersen and Swartz  2005 ; Khatiwala et al.  2006 ; 
Curtis and Riehle  2001 ). Grooves, micro- and nanofi bers, gels, and fi lms have been 
studied in order to promote and direct neuronal outgrowth and enhance neuronal 
attachment (Xie et al.  2010 ; Sun et al.  2010 ; Mobasseri et al.  2013 ; Daud et al.  2012 ; 
Bell and Haycock  2012 ). Instead of using hollow guidance tubes that lacks physical 
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properties of the native nerve structure, studies have focused on developing materi-
als that guide the axons to the distal site of the injury. Lumen fi lling materials are 
used for this purpose to provide contact, attachment, and growth of the cells (Chen 
et al.  2006 ; Jiang et al.  2010 ). Naturally, Schwann cell basal lamina is a favorable 
environment for physical guidance. It consists primarily of laminin and collagen 
that represent aligned, nanoscale features (Bunge and Bunge  1983 ). Neurite out-
growth of chick  dorsal root ganglia (DRG) neurons   was intensely improved on 
aligned nanofi brous surfaces, which demonstrates the importance of these features 
(Kim et al.  2008 ; Corey et al.  2007 ). Incorporating Schwann cells is also a strategy; 
aligned collagen  poly-E-caprolactone (PCL) fi lament   constructs seeded with 
Schwann cells have shown that DRG cells had enhanced and oriented neurite out-
growth in vitro (Ribeiro-Resende et al.  2009 ). 

 Along with these factors, porosity of the conduit is also important in axonal 
regeneration. Pores of the conduits enable inward diffusion of ECM proteins and 
growth factors (Kim et al.  1993 ), and outward diffusion of waste products. In addi-
tion to this, infi ltration of connective fi brous tissue should also be prevented (Wang 
et al.  2009 ) and regeneration was observed to proceed into microsized pores (Oh 
et al.  2013 ). Therefore, the pores of the conduits should be wide enough for growth 
factor and waste product diffusion and narrow enough to prevent fi brous tissue 
infi ltration and regeneration toward the pore. “Roll and seal”  model   aligned nanofi -
brous conduit-derived pores have been shown to trigger greater neurite outgrowth 
and functional recovery compared to aligned microfi brous conduit-derived pores 
(Jiang et al.  2014 ). 

 Nervous tissue is a soft tissue and is sensitive to the mechanical stiffness of the 
environment. Natural stiffness of the peripheral neural tissue has stiffness value 
between 150 and 300 kPa, whereas glial cells and neurons individually have stiffness 
values ranging from 0.5 to 1.6 kPa (Jalili-Firoozinezhad et al.  2014 ). Therefore, 
resemblance of stiffness to the native environment is an important factor that plays 
role on nerve regeneration. Agarose gel stiffness (density) was showed to have an 
inversely proportional relationship with neurite extension rate of DRG cultures 
(Balgude et al.  2001 ). PEG-based hydrogels have also been studied for nerve regen-
eration purposes and as the stiffness of the PEG-based hydrogel increased, PC12 cells 
showed reduced neurite extension. In addition, below a threshold value of stiffness, 
neurite outgrowth of PC12 cells decreased drastically (Leach et al.  2007 ), which 
proves that neurons require a defi ned range of intermediate stiffness (Hoffman-Kim 
et al.  2010 ). These studies indicate the signifi cance of mechanical properties of native 
nerve tissue in designing biomaterials for peripheral nerve repair.   

6.2.2     Surface Chemistry and Biochemical Modifi cations 
to Increase Nerve Regeneration 

    Nerve guidance conduits  requi        re some additional properties such as surface modifi -
cation and some biochemical cues in order to promote axon guidance, Schwann cell 
proliferation, adhesion, and migration (Gu et al.  2014 ). These modifi cations may be 
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in the form of protein coatings, chemical/physical treatment of the surface, or pro-
tein mimetic peptides presented on the biomaterials (Chung and Park  2007 ). In 
order to create the native environment of the healthy nerve tissue, ECM proteins are 
considered to have great potential for functionalization of the conduit surface. 
Collagen, fi bronectin, and laminin are examples of some major components of the 
ECM that have been used for this purpose (Yu and Bellamkonda  2003 ; Armstrong 
et al.  2007 ; Koh et al.  2010 ). Laminin, in particular, has been used most frequently 
for surface modifi cation or ECM mimicking purposes among others due to its abil-
ity to improve neurite extension and provide Schwann cell adhesion, proliferation, 
and migration (Yu and Bellamkonda  2003 ; Silva et al.  2004 ; Yu et al.  1999 ; Itoh 
et al.  2001 ; Rangappa et al.  2000 ; Rutkowski et al.  2004 ; Toba et al.  2001 ; Matsumoto 
et al.  2000 ; Koh et al.  2010 ; Bellamkonda et al.  1995 ). Collagen and fi bronectin also 
have regenerative capacity in terms of Schwann cell adhesion, proliferation, and 
neurite outgrowth improvement; however, outcomes have shown to be signifi cantly 
lower than that of laminin in terms of regeneration (Yu and Bellamkonda  2003 ; 
Armstrong et al.  2007 ; Koh et al.  2010 ). Despite the major impact of ECM protein-
based functionalization of the materials on neural regeneration, they are diffi cult to 
synthesize due to their large size (~900 kDa) (Santiago et al.  2009 ; Itoh et al.  2001 ). 
An alternative to using large ECM protein modifi cations is protein mimetic short 
peptide sequences, which are more stable, less immunogenic, and relatively low 
molecular weight. These short peptides are usually designed to be recognized by the 
cellular receptors and they are represented on a surface. Due to their small size, they 
have a high surface density; thus, there is more interaction for signaling events and 
cell attachment (Itoh et al.  2001 ; Chung and Park  2007 ). 

 A widely used short peptide sequence is  RGD   (Arg–Gly–Asp), which is an inte-
grin binding amino acid sequence found in fi bronectin, laminin, and other ECM 
molecules and has been used for inducing cell attachment. IKVAV (Ile–Lys–Val–
Ala–Val) (Tashiro et al.  1989 ) and YIGSR (Tyr–Ile–Gly–Ser–Arg) are found at the 
laminin b chain and RNIAEIIKDI (Arg–Asn–Ile–Ala–Glu–Ile–Ile–Lys–Asp–Ile) 
belongs to laminin g chain, which all mimic laminin. HAV (His–Ala–Val) sequence 
mimics N-cadherin, which is an adhesive and regulatory protein found on both neu-
rons and glial cells (Chung and Park  2007 ; Itoh et al.  2003 ; Santiago et al.  2009 ; 
Itoh et al.  2001 ). Functionality of these peptides has been assessed in various appli-
cations. Adams et al. showed that DRG neurons, that were grown on gradients of 
photoimmobilized  IKVAV   bound polystyrene grids, preferentially directed their 
neurites toward higher concentration of IKVAV containing surface (Adams et al. 
 2005 ). In another study, melt coextruded aligned  poly(ε-caprolactone) (PCL)   fi bers 
were modifi ed with photochemical gradient of IKVAV peptide, which provided 
directional cues for neuronal outgrowth of PC-12 cells (Kim et al.  2015 ). 

 Schense et al. ( 2000 ) evaluated the effects of fi ve ECM mimetic peptides: RGD, 
IKVAV, YIGSR, RNIAEIIKDI, and HAV within a fi brin matrix. In this study, each 
peptide-coated matrix showed increased neurite extension than uncoated fi brin 
matrix in vitro. Moreover, synergistic effect of the four laminin mimetic peptides 
showed signifi cant increase in terms of neurite outgrowth compared with the single 
peptide-coated matrices (Schense et al.  2000 ). In the in vivo studies of the same 
group, they tested same materials as neural guidance channel fi llings for their 
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regenerative capacity in dorsal root ganglion models. Synergistic effects of four 
laminin mimetic peptides also showed similar effects to the in vitro studies (Schense 
et al.  2000 ). Similarly,  PCL   scaffolds with RGD peptide functionalization resulted 
in enhanced Schwann cell adhesion as well as axonal interaction in vivo (Santiago 
et al.  2009 ). 

 Another method to produce  nanofi brous scaffolds  , while controlling diameter, 
porosity, and surface morphology, is electrospinning (Pham et al.  2006 ; Subbiah 
et al.  2005 ). A variety of polymers can be electrospun on aluminum surfaces and 
these polymers are also known to contribute to neural regeneration by their nanofi -
brous topography. In addition, their surface can be functionalized by bioactive epi-
topes or chemical groups (Pham et al.  2006 ; Prabhakaran et al.  2008 ). Bellamkonda 
et al. showed that multiple layers of aligned acrylonitrile-methacrylate (PAN-MA) 
nanofi bers stacked within semipermeable nerve guidance tubes showed highly 
aligned and enhanced neurite extension of DRG cultures and in vivo PNS regenera-
tion studies (Clements et al.  2013 ). In another study conducted by Ahmed et al., 
electrospun nanofi bers were biofunctionalized by tenascin-C-derived peptides, 
which increased cell adhesion compared to poly- L -lysine-coated glass surfaces 
(Ahmed et al.  2006 ). 

 Self-assembled  peptide amphiphile (PA) nanofi bers   are used as matrices similar 
to ECM characteristics. With these nanostructures, the neural microenvironment 
can be manipulated in a way that ECM mimicking peptides are represented on the 
surfaces of the nanofi bers. These peptide nanofi bers are promising materials due to 
their nonimmunogenic, biodegradable, and bioactive nature (Tan et al.  2012 ). These 
materials consist of a hydrophobic alkyl tail, β-sheet forming amino acids, and a 
hydrophilic bioactive epitope. In aqueous solutions, oppositely charged PA mole-
cules self-assemble into nanofi bers and form gels (Cui et al.  2010 ). Cooperative 
effect of laminin mimetic IKVAV PAs and heparan sulfate proteoglycan-derived 
PAs promoted neurite outgrowth of PC-12 cells signifi cantly. Besides, the inhibi-
tory environment caused by chondroitin sulfate was also overcome by these materi-
als (Mammadov et al.  2012 ). The protein or peptide modifi cation is a signifi cant 
approach for neural guidance conduit functionalization.     

6.2.3     Enhancing Regeneration by Electrical Stimulation 
via Conductive Biomaterials 

    Electrical stimulation is a method to  acc        elerate nerve regeneration (Seil and Webster 
 2010 ). Since neurons are electroactive cells, they respond to electrical stimulation 
by neurite extension and differentiation. Both direct and alternating current (DC and 
AC) within a voltage range is known to promote neurite outgrowth. DC was shown 
to enhance increased and directed neurite outgrowth (Borgens et al.  1979 ). One 
mechanism of promotion of neurite outgrowth by electrical stimulation is by upreg-
ulation of growth-associated genes. For instance, cyclic adenosine monophosphate 
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(cAMP) production was upregulated upon electrical stimulation of DRG cells 
(Udina et al.  2008 ). Polyaniline, polypyrrole, polythiophene, and polyacetylene are 
some known conductive substrates (Marquardt and Sakiyama-Elbert  2013 ; Schmidt 
et al.  1997 ). Poly ( D , L -lactide-co-epsilon-caprolactone) (PDLLA/CL) nerve guid-
ance (NGCs) fabricated with polypyrrole enhanced neurite outgrowth compared 
to PDLLA/CL conduits alone (Zhang et al.  2007 ). In another study, high-voltage 
electrical stimulation of PLGA fi lms signifi cantly increased number of total neurites 
and myelinated axons (Bryan et al.  2004 ). 

  Polypyrrole   and  polyaniline   both have excellent conductive and antioxidant 
properties in terms of cellular stimulation; however, their nonbiodegradable struc-
ture limits their usage in nerve regeneration studies (Gu et al.  2014 ). As an alterna-
tive strategy, blending of these materials with other biodegradable biomaterials has 
been proposed (Ghasemi-Mobarakeh et al.  2011 ). Rivers et al. were successful in 
synthesizing a conductive polymer by binding pyrrole oligomers to thiophene via 
ester linkages, so that ester linkages get cleaved by esterases in vivo (Rivers et al. 
 2002 ). In another study, a block copolymer of polyglycolide and aniline pentamer 
showed electroactivity and degradability (Ding et al.  2007 ). Several studies show 
the effect of electrical stimulation on the axis of neural cell division, neuronal polar-
ity, and directed neurite outgrowth (Nguyen et al.  2013 ; McCaig et al.  2005 ; Yao 
et al.  2011 ). All these studies prove that electrical stimulation has a noteworthy 
effect on axonal regrowth acceleration.      

6.3     Biomaterial Design for Central Nervous System Repair 

   Any damage to CNS can be  destruct     ive due to loss of communication between 
healthy neurons, and it can cause neuronal degeneration and eventually cell death. 
Due to the low regeneration capacity of CNS, people with CNS trauma or neuro-
degenerative disorders suffer from lifelong consequences and there is a signifi cant 
demand for new strategies to overcome the progressive cell death as well as to 
induce tissue regeneration. The failure of neurons in the CNS to communicate with 
each other after injury is mostly due to the lack of supporting environment for 
regeneration around the damaged neurons rather than characteristics of the cells 
(Richardson et al.  1980 ). For regeneration process of CNS neurons, fi rst the sur-
vival of injured neuron is required, so that it can connect with its target. However, 
making contact is not enough for functional recovery; remyelination of the axons 
and properly functioning synapses on the target neurons are also required. The 
strategies to generate a biomaterial for central nerve repair should focus on removal 
of inhibitory environment, axon guidance, manipulation of cell signaling, increas-
ing the local concentration of neurotrophic factors and suitable drugs, and provid-
ing artifi cial microenvironment to fi ll the gap occurred as a result of injury (Horner 
and Gage  2000 ).   
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6.3.1     Mimicking Extracellular Matrix of Central Nervous 
System 

     ECM      is the surrounding environment of cells composed of  pro  teins such as laminin 
and fi bronectin, glycosaminoglycans, proteoglycans, and different types of soluble 
factors (Zimmermann and Dours-Zimmermann  2008 ). It provides structural, bio-
logical, and chemical support to the cells through modulating cell adhesion, prolif-
eration, migration, cell-to-cell interaction, and differentiation. Within the scope of 
tissue engineering, focusing on the development of in vitro cell culture environ-
ments, which mimic the natural ECM of specifi c cell types has received a lot of 
attention (Holmes  2002 ; Lutolf and Hubbell  2005 ). For nervous system applica-
tions, synthetic materials are especially attractive, because their chemical, mechani-
cal, and physical properties can be specifi cally modifi ed to mimic a particular area 
within the nervous system (Schmidt and Leach  2003 ).    

6.3.1.1     Chemical Signals 

   ECM  protein     s regulate cell fate including proliferation, migration, and differentia-
tion through interacting with cell surface receptors. One of the major differences of 
CNS from other systems is the composition of ECM proteins. Many ECM proteins, 
including collagen and fi bronectin, are abundant in other tissues, whereas there is 
almost none in CNS. On the other hand, there are different types of proteoglycans 
present between neurons and glial cells (Li et al.  2012 ). 

 While designing a biomaterial, the chemical signals provided by these specifi c 
proteins can be introduced into the system by incorporating the bioactive sequence 
for specifi c interaction depending on the nature of tissue of interest. For instance, 
 arginine–glycine–aspartate (RGD) peptide   sequence derived from fi bronectin was 
found to bind to integrin proteins and function in cell adhesion (Pierschbacher and 
Ruoslahti  1984 ; Prowse et al.  2011 ). Later, several ECM-derived short sequences 
have been identifi ed and used for the interaction with integrin proteins to take ben-
efi t of cell–ECM interactions. Due to the important role of laminin protein in ECM 
of nervous system, laminin-derived short sequences were identifi ed.  Tyrosine–iso-
leucine–glycine–serine–arginine (YIGSR) peptide   sequence was used to promote 
cell adhesion in in vitro studies (Graf et al.  1987 ). Another sequence derived from 
laminin, isoleucine–lysine–valine–alanine–valine (IKVAV), was also discovered 
and found to promote neurite outgrowth (Tashiro et al.  1989 ). After the discovery 
of these small peptide sequences, they were included in nanomaterial surfaces with 
different forms and used in both in vitro and in vivo studies. These peptides, rather 
than whole proteins, have become more favorable for tissue engineering studies, 
since they are more stable and easy to synthesize. While fi bronectin-derived syn-
thetic peptide (GRGDS) was used in gellan gum hydrogels to enhance the cell adhe-
sion of neural stem/progenitor cells in in vitro studies (Silva et al.  2012 ), 
laminin-derived IKVAV sequence was used in self-assembled peptide nanofi bers as 
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a therapeutic system in a mouse model of spinal cord injury (SCI) (Tysseling- 
Mattiace et al.  2008 ). 

 Many soluble factors have important roles in NSC differentiation into specifi c 
lineages. Therefore, they can be incorporated within hydrogels to induce neural dif-
ferentiation. For instance, through incorporation of neurotrophin-3 (NT-3) into chi-
tosan hydrogels, NSC differentiation toward neurons was achieved (Li et al.  2009 ). 
On the other hand, when FGF-2 was incorporated into PEG hydrogels, NSCs pre-
ferred to stay at undifferentiated state in spite of the addition of differentiation 
medium (Freudenberg et al.  2009 ). 

 Biomaterial studies have also focused on neurotransmitters, which are important 
chemicals for transfer of messages between the cells of the brain. Acetylcholine- 
like biomimetic polymers, including both a bioactive unit (acetylcholine-like unit) 
and a bioinert unit (PEG unit), were studied with primary hippocampal neurons. 
These polymers have potential therapeutic use in neural tissue applications related 
with neurotransmitter-related diseases such as Alzheimer’s disease through modu-
lating the growth of hippocampal neurons (Tu et al.  2011 ).    

6.3.1.2     Mechanical and Physical Cues 

   Besides the chemical  signals      to induce neural regeneration, mechanical and phys-
ical properties of the biomaterial system, such as stiffness and dimensionality, 
have to be taken into consideration to mimic the natural environment of nervous 
system. Mechanical properties of the material could contribute to differentiation 
into different lineages and sometimes, elasticity of the material can override the 
effect of chemical signals as shown in mesenchymal stem cells, which did not 
display any response to osteogenic growth factors when plated on soft surfaces 
(Engler et al.  2006 ). 

 The mechanical properties of the substrate show highly selective and specifi c 
effects in regenerative studies of central nervous system. Although brain and spinal 
cord are the softest tissues in human body with elastic moduli around 2 kPa, when 
glial scar occurs as a consequence of an injury, stiffness of this local area can 
become higher which forms both physical and chemical obstacles to neurite 
 extension and regeneration in nervous tissue injuries. Soft materials have become 
more favorable in the studies of CNS tissue due to the selective response of neurons 
and astrocytes to matrix stiffness (Georges et al.  2006 ). In addition, gels with low 
elastic moduli were found to selectively induce neuronal development. It was previ-
ously shown that rat adult NSCs primarily differentiated into glial cells when cul-
tured on stiff substrates having elastic moduli between 1 and 10 kPa, whereas soft 
materials primarily gave rise to neurons. Also, the highest amount of neurons was 
obtained when culturing on interpenetrating polymer network hydrogel with elastic 
modulus of 0.5 kPa, which is close to physiological mechanical properties of brain 
tissue (Saha et al.  2008 ). While spinal cord and cortical brain neurons favor soft 
materials to extend their neurites (Balgude et al.  2001 ; Saha et al.  2008 ), astrocytes 
generate stress fi bers and they are more activated on the surfaces with high elastic 
modulus (Georges et al.  2006 ). 
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 Another important factor about the physical structure of the material is the 
dimensionality of the substrate. Although two-dimensional (2D) cell culture studies 
are more commonly preferred because environmental control, cell observation, and 
manipulation are easy, three-dimensional (3D) studies have great importance as 
they provide a more realistic model for in vivo studies. In one study, hippocampal 
neurons were encapsulated into 3D aragonite matrix and compared to ones seeded 
on 2D surface. The cells showed higher survival rate in 3D cell culture compared to 
2D conditions (Peretz et al.  2007 ). Also, Cunha et al. decorated the 3D biomaterial 
scaffold with RGD, BMHP1 (bone marrow homing peptide 1), and BMHP2 motifs, 
for adult NSC culture (Cunha et al.  2011 ). They provided deeper understanding 
about the cell behavior in 3D scaffolds which is required for future clinical applica-
tions. 3D gel matrices were also studied in injured brain model. Laminin-derived 
IKVAV motif was linked to self-assembling peptide RADA (16) to form a func-
tional 3D peptide-based scaffold for NSC encapsulation. Beside differentiation of 
NSCs into neural cell in in vitro conditions, injection of this hydrogel into damaged 
brain tissue to fi ll the cavity and form a bridge for the gap eventually led to improve-
ment in brain tissue regeneration (Cheng et al.  2013 ).     

6.3.2     Approaches for Drug Delivery to Central Nervous System 

    The complexity of the nervous system is  a        n important criterion that should be taken 
into consideration while designing a system for drug delivery. Biocompatible mate-
rials for drug delivery are desired to promote neural regeneration through releasing 
the cargo in a controlled manner while maintaining the integrity of healthy tissue. 
However, the presence of BBB and BSCB is the primary problem to deliver drug to 
CNS and limit the effi cacy of drug delivery of therapeutics through forming ana-
tomical, transport, and metabolic barriers. Therefore, different strategies should be 
considered to enhance drug delivery to CNS, including material properties, drug 
selection, and delivery method.    

6.3.2.1     Material Properties and Methods for Drug Delivery 

   While designing new materials for neural  tiss     ue engineering, it is important to 
choose appropriate materials for nervous system. The chemical and physical prop-
erties of the material must be well evaluated in order to provide controlled release 
through degradation rate with suitable dimensions for the injected site. Depending 
on the purpose, you can use different synthetic materials with different mechanical 
properties and release profi le so that the immune response can be modifi ed through 
altering the composition of the material. For instance, Poly (ethylene glycol) (PEG) 
has the property to resist cell adhesion and protein adsorption (Alcantar et al.  2000 ), 
which contribute to minimize immune response. Further modifi cations with bioac-
tive epitopes for cell adhesion or mimicking ECM can be used to provide cell 
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migration into the scaffold, which also contributes to regeneration (Benoit and 
Anseth  2005 ; Groll et al.  2005 ). 

  Poly (ethylene-covinyl acetate) (pEVA)   is another commonly used delivery sys-
tem used in neural tissue engineering studies since it is a nondegradable and bio-
compatible scaffold, which makes it a favorable choice. Stability is another 
important property of pEVA for drug delivery over an extended period. It has been 
used in nerve growth factor (NGF)- and NT-3-releasing guidance channels to 
induce regeneration in transected rat dorsal root (Bloch et al.  2001 ). 

 To overcome the BBB penetration problem, many different carrier systems have 
been developed and used in neural tissue engineering studies. The techniques used 
as delivery system can be classifi ed as systemic and local delivery. 

 Systemic drug delivery is performed through intravenous or intraperipheral 
injection, but it requires high dosages to fulfi ll the therapeutic effect and can infl u-
ence nontarget tissues due to systemic toxicity. Therefore, while designing systemic 
drug carriers, it is important to provide properties resisting to long circulation and 
favorable surface properties for endothelial cell interaction (Misra et al.  2003 ). For 
systemic drug delivery, liposomes and polymeric NPs have been extensively stud-
ied for brain drug delivery (Garcia-Garcia et al.  2005 ).  Liposomes   are biocompati-
ble and biodegradable delivery systems, and their surfaces are generally modifi ed 
with hydrophilic polymers to deal with plasma clearance of liposomes (Lian and Ho 
 2001 ). Generally, poly(ethylene glycol) (PEG) is used for an additional layer, which 
increases blood circulation time of liposome (Garcia-Garcia et al.  2005 ). For pene-
tration of liposomes through BBB, the carrier system can be developed by active 
targeting, which modifi es the distribution of liposomes through an antibody or a 
ligand conjugation that is eventually recognized by the receptor specifi c to target 
tissue (Schnyder and Huwyler  2005 ). Therefore, by combining the effect of PEG on 
extended circulation time and specifi city due to an antibody or a ligand conjugation, 
delivery can be obtained through the BBB. Liposomes have been used for the treat-
ment of CNS diseases including brain tumors, infection, and ischemia (Zhong and 
Bellamkonda  2008 ). 

 Polymeric nanoparticles (NPs) ranging from 10 to 1000 nm in size can be used 
as carrier polymers encapsulated or covalently attached to therapeutic drugs 
(Lockman et al.  2002 ). Polymeric NPs are more stable against the biological fl uids 
when compared to liposomes. Moreover, their structures are more suitable for con-
trolled and sustained drug release over a period of time after injection. Generally, 
poly(alkylcyanoacrylates) (PACAs), polyacetates, polysaccharides, and copoly-
mers are used for NP synthesis (Garcia-Garcia et al.  2005 ). For instance, drugs 
including dalargin, loperamide, tubocurarine, and doxorubicin have been delivered 
to the CNS by Polybutylcyanoacrylate (PBCA) NPs (Zhong and Bellamkonda 
 2008 ). NPs can also be coated with hydrophilic polymers, such as PEG, to increase 
their uptake (Brigger et al.  2002 ). 

 To manage systemic toxicity of the drugs and increase their effectiveness, 
local delivery systems are favorable. Local delivery of therapeutic drugs with a 
biocompatible carrier provides an advantageous method at the target region. This 
approach also bypasses the BBB penetration problem. For CNS, PLGA and poly-
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anhydride poly [bis(p-carboxyphenoxy)] propane-sebacic acid (PCPP-SA) are 
most commonly used biodegradable polymers for local drug delivery. For instance, 
PLGA microspheres were used as local delivery for antitumor agents such as 5-fl u-
orouracil and platelet factor 4 fragment to treat brain tumors (Benny et al.  2005 ; 
Menei et al.  1996 ). PLGA microspheres were also used for neurodegenerative 
 diseases. Dopamine and noradrenaline delivery with PLGA microspheres was used 
as a therapeutic strategy for Parkinson’s disease (McRae and Dahlstrom  1994 ). 
Also, PLGA microparticles were used as NGF carriers for the protection of neu-
rons from excitotoxin- induced lesions (Benoit et al.  2000 ).    

6.3.2.2     Drug Selection 

   Depending on the tissue  typ     e to be regenerated, a specifi c therapeutic drug or com-
bination of different drugs can be selected. Within the potential therapeutic drugs 
for neural tissue engineering, neurotrophins are the most common growth factors 
used for neural regeneration. Neurotrophins are composed of NGF, brain-derived 
neurotrophic factor (BDNF), NT-3, and neurotrophin-4/5. For instance, NGF works 
both in PNS and CNS. It especially enhances survival of cholinergic neurons, which 
makes it attractive for therapeutic studies against neurodegenerative disorders such 
as Alzheimer’s disease (Siegel and Chauhan  2000 ). However, while designing a 
delivery system, it is important to know the right place to inject and dose required, 
because NGF can cause unwanted sensory neural fi ber sprouting which terminally 
can cause chronic pain (Romero et al.  2001 ). In addition to NGF, NT-3 functions in 
neurogenesis through promoting the differentiation of new neurons. Moreover, 
studies have shown that NT-3 can promote cell survival and neurite outgrowth in 
motor neurons after spinal cord injury (Bloch et al.  2001 ; Grill et al.  1997 ). 

  Anti-infl ammatory drugs   can also be used in drug delivery systems to suppress 
chronic infl ammation and immune response caused by implantation. Among these 
anti-infl ammatory drugs, dexamethasone is one of the most commonly used drugs 
for this purpose. Although it is generally used to treat infl ammatory diseases includ-
ing arthritis and multiple sclerosis, some studies revealed promising results in neu-
ral tissue applications (Kim and Martin  2006 ). 

 Another drug category used for delivery systems in CNS is chemotherapeutic 
agents. Since chemotherapeutic agents can also affect nontarget tissues and cause 
systemic toxicity, targeted delivery of these drugs is quite critical and important. 
 Glioblastoma   is one of the most aggressive cancer types with short survival rates. 
The chemotherapeutic drugs cannot access to the brain by traditional chemotherapy 
applications because of the presence of BBB. Therefore, therapeutic potential of 
these drugs can be modifi ed with delivery systems. For example, doxorubicin, one 
of the most potent antitumor agents, has been attached to the surface of poly(butyl 
cyanoacrylate) nanoparticles coated with polysorbate 80 and this drug was success-
fully transported into the brain to treat brain tumors (Gulyaev et al.  1999 ).      
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6.4     Concluding Remarks 

 Nervous system is the most complex system in the body due to the complex interac-
tions of the cells with each other. Also, due to poor regeneration capacity of nervous 
system, development of new strategies for repair and regeneration of this system is 
in high demand. Moreover, lack of clinically available successful therapies makes 
these therapeutic studies more attractive. Biomaterials have been widely studied up 
to now and they provide highly promising strategies in treatment for disorders of 
nervous system. They can be tailored at molecular level and their structural and 
biochemical properties can be tuned, which allows improvement of therapeutic 
methods according to the purpose of treatment. Looking ahead, a wide range of 
materials, such as polymers and synthetic self-assembled systems, have already 
been developed, but it is still essential to generate other biomaterials considering the 
nature and all requirements of the tissue including physical, chemical, and biologi-
cal demands.     

   References 

    Abbott, N. 1992.  Comparative Physiology of the Blood-Brain Barrier , Physiology and 
Pharmacology of the Blood-Brain Barrier. Berlin: Springer.  

    Abbott, N.J. 2005. Dynamics of CNS Barriers: Evolution, Differentiation, and Modulation. 
 Cellular and Molecular Neurobiology  25: 5–23.  

    ———.  2013. Blood-Brain Barrier Structure and Function and the Challenges for CNS Drug 
Delivery.  Journal of Inherited Metabolic Disease  36: 437–449.  

      Abbott, N.J., L. Ronnback, and E. Hansson. 2006. Astrocyte-Endothelial Interactions at the Blood- 
Brain Barrier.  Nature Reviews Neuroscience  7: 41–53.  

    Adams, D.N., E.Y.C. Kao, C.L. Hypolite, M.D. Distefano, W.S. Hu, and P.C. Letourneau. 2005. 
Growth Cones Turn and Migrate up an Immobilized Gradient of the Laminin IKVAV Peptide. 
 Journal of Neurobiology  62: 134–147.  

    Ahmed, Z., and R.A. Brown. 1999. Adhesion, Alignment, and Migration of Cultured Schwann 
Cells on Ultrathin Fibronectin Fibres.  Cell Motility and the Cytoskeleton  42: 331–343.  

    Ahmed, I., H.Y. Liu, P.C. Mamiya, A.S. Ponery, A.N. Babu, T. Weik, M. Schindler, and S. Meiners. 
2006. Three-Dimensional Nanofi brillar Surfaces Covalently Modifi ed With Tenascin-C-
Derived Peptides Enhance Neuronal Growth in Vitro.  Journal of Biomedical Materials 
Research. Part A  76: 851–860.  

    Alcantar, N.A., E.S. Aydil, and J.N. Israelachvili. 2000. Polyethylene Glycol-Coated Biocompatible 
Surfaces.  Journal of Biomedical Materials Research. Part A  51: 343–351.  

    Alovskaya, A., T. Alekseeva, J. Phillips, V. King, and R. Brown. 2007. Fibronectin, Collagen, 
Fibrin-Components of Extracellular Matrix for Nerve Regeneration.  Topics in Tissue 
Engineering  3: 1–26.  

     Armstrong, S.J., M. Wiberg, G. Terenghi, and P.J. Kingham. 2007. ECM Molecules Mediate Both 
Schwann Cell Proliferation and Activation to Enhance Neurite Outgrowth.  Tissue Engineering  
13: 2863–2870.  

    Aszodi, A., K.R. Legate, I. Nakchbandi, and R. Fassler. 2006. What Mouse Mutants Teach Us 
About Extracellular Matrix Function.  Annual Review of Cell and Developmental Biology  22: 
591–621.  

6 Bioactive Nanomaterials for Neural Engineering



198

    Avellino, A.M., D. Hart, A.T. Dailey, M. Mackinnon, D. Ellegala, and M. Kliot. 1995. Differential 
Macrophage Responses in the Peripheral and Central Nervous System During Wallerian 
Degeneration of Axons.  Experimental Neurology  136: 183–198.  

     Balgude, A., X. Yu, A. Szymanski, and R. Bellamkonda. 2001. Agarose Gel Stiffness Determines 
Rate of DRG Neurite Extension in 3D Cultures.  Biomaterials  22: 1077–1084.  

    Bandtlow, C.E., and D.R. Zimmermann. 2000. Proteoglycans in the Developing Brain: new 
Conceptual Insights for Old Proteins.  Physiological Reviews  80: 1267–1290.  

    Barton, M.J., J.W. Morley, M.A. Stoodley, A. Lauto, and D.A. Mahns. 2014. Nerve Repair: Toward 
a Sutureless Approach.  Neurosurgical Review  37: 585–595.  

    Becker, C.G., and T. Becker. 2002. Repellent Guidance of Regenerating Optic Axons by 
Chondroitin Sulfate Glycosaminoglycans in Zebrafi sh.  The Journal of Neuroscience  22: 
842–853.  

    Bell, J.H., and J.W. Haycock. 2012. Next Generation Nerve Guides: Materials, Fabrication, 
Growth Factors, and Cell Delivery.  Tissue Engineering. Part B: Reviews  18: 116–128.  

    Bellamkonda, R., J. Ranieri, and P. Aebischer. 1995. Laminin Oligopeptide Derivatized Agarose 
Gels Allow Three-Dimensional Neurite Extension in Vitro.  Journal of Neuroscience Research  
41: 501–509.  

    Benny, O., M. Duvshani-Eshet, T. Cargioli, L. Bello, A. Bikfalvi, R.S. Carroll, and M. Machluf. 
2005. Continuous Delivery of Endogenous Inhibitors from Poly(Lactic-co-Glycolic Acid) 
Polymeric Microspheres Inhibits Glioma Tumor Growth.  Clinical Cancer Research  11: 
768–776.  

    Benoit, D.S.W., and K.S. Anseth. 2005. Heparin Functionalized PEG Gels that Modulate Protein 
Adsorption for hMSC Adhesion and Differentiation.  Acta Biomaterialia  1: 461–470.  

    Benoit, J.P., N. Faisant, M.C. Venier-Julienne, and P. Menei. 2000. Development of Microspheres 
for Neurological Disorders: From Basics to Clinical Applications.  Journal of Controlled 
Release  65: 285–296.  

    Bernstein, J.J., and W.J. Goldberg. 1995. Experimental Spinal Cord Transplantation as a 
Mechanism of Spinal Cord Regeneration.  Paraplegia  33: 250–253.  

    Bignami, A., M. Hosley, and D. Dahl. 1993. Hyaluronic Acid and Hyaluronic Acid-Binding 
Proteins in Brain Extracellular Matrix.  Anatomy and Embryology  188: 419–433.  

     Bloch, J., E.G. Fine, N. Bouche, A.D. Zurn, and P. Aebischer. 2001. Nerve Growth Factor- and 
Neurotrophin-3-Releasing Guidance Channels Promote Regeneration of the Transected rat 
Dorsal Root.  Experimental Neurology  172: 425–432.  

    Borgens, R.B., J.W. Vanable, and L.F. Jaffe. 1979. Small Artifi cial Currents Enhance Xenopus 
Limb Regeneration.  Journal of Experimental Zoology  207: 217–226.  

    Boulay, A.C., A. Mazeraud, S. Cisternino, B. Saubamea, P. Mailly, L. Jourdren, C. Blugeon, 
V. Mignon, M. Smirnova, A. Cavallo, P. Ezan, P. Ave, F. Dingli, D. Loew, P. Vieira, 
F. Chretien, and M. Cohen-Salmon. 2015. Immune Quiescence of the Brain is set by Astroglial 
Connexin 43.  Journal of Neuroscience  35: 4427–4439.  

    Braunewell, K.H., P. Pesheva, J.B. McCarthy, L.T. Furcht, B. Schmitz, and M. Schachner. 1995. 
Functional Involvement of Sciatic Nerve-Derived Versican- and Decorin-Like Molecules and 
Other Chondroitin Sulphate Proteoglycans in ECM-Mediated Cell Adhesion and Neurite 
Outgrowth.  European Journal of Neuroscience  7: 805–814.  

    Brigger, I., C. Dubernet, and P. Couvreur. 2002. Nanoparticles in Cancer Therapy and Diagnosis. 
 Advanced Drug Delivery Reviews  54: 631–651.  

    Bryan, D.J., J.B. Tang, S.A. Doherty, D.D. Hile, D.J. Trantolo, D.L. Wise, and I.C. Summerhayes. 
2004. Enhanced Peripheral Nerve Regeneration Through a Poled Bioresorbable Poly (Lactic- 
co- Glycolic Acid) Guidance Channel.  Journal of Neural Engineering  1: 91.  

    Bulsara, K.R., B.J. Iskandar, A.T. Villavicencio, and J.H. Skene. 2002. A new Millenium for Spinal 
Cord Regeneration: Growth-Associated Genes.  Spine (Phila Pa 1976)  27: 1946–1949.  

     Bunge, R.P. 1993. Expanding Roles for the Schwann Cell: Ensheathment, Myelination, Trophism 
and Regeneration.  Current Opinion in Neurobiology  3: 805–809.  

    Bunge, R.P., and M.B. Bunge. 1983. Interrelationship Between Schwann Cell Function and 
Extracellular Matrix Production.  Trends in Neurosciences  6: 499–505.  

M. Sever et al.



199

    Bunge, M.B., P.M. Wood, L.B. Tynan, and M.L. Bates. 1989. Perineurium Originates from 
Fibroblasts: Demonstration In Vitro with a Retroviral Marker.  Science  243: 229–231.  

    Bush, T.G., N. Puvanachandra, C.H. Horner, A. Polito, T. Ostenfeld, C.N. Svendsen, L. Mucke, 
M.H. Johnson, and M.V. Sofroniew. 1999. Leukocyte Infi ltration, Neuronal Degeneration, and 
Neurite Outgrowth After Ablation of Scar-Forming, Reactive Astrocytes in Adult Transgenic 
Mice.  Neuron  23: 297–308.  

    Carlstedt, T. 1997. Nerve Fibre Regeneration Across the Peripheral-Central Transitional Zone. 
 Journal of Anatomy  190(Pt 1): 51–56.  

    Chaudhry, V., J.D. Glass, and J.W. Griffi n. 1992. Wallerian Degeneration in Peripheral Nerve 
Disease.  Neurologic Clinics  10: 613–627.  

    Chen, M.B., F. Zhang, and W.C. Lineaweaver. 2006. Luminal Fillers in Nerve Conduits for 
Peripheral Nerve Repair.  Annals of Plastic Surgery  57: 462–471.  

    Cheng, T.Y., M.H. Chen, W.H. Chang, M.Y. Huang, and T.W. Wang. 2013. Neural Stem Cells 
Encapsulated in a Functionalized Self-Assembling Peptide Hydrogel for Brain Tissue 
Engineering.  Biomaterials  34: 2005–2016.  

    Chernousov, M.A., K. Rothblum, R.C. Stahl, A. Evans, L. Prentiss, and D.J. Carey. 2006. 
Glypican-1 and α4 (V) Collagen Are Required for Schwann Cell Myelination.  The Journal of 
Neuroscience  26: 508–517.  

      Chung, H.J., and T.G. Park. 2007. Surface Engineered and Drug Releasing pre-Fabricated 
Scaffolds for Tissue Engineering.  Advanced Drug Delivery Reviews  59: 249–262.  

    Clements, I.P., V.J. Mukhatyar, A. Srinivasan, J.T. Bentley, D.S. Andreasen, and R.V. Bellamkonda. 
2013. Regenerative Scaffold Electrodes for Peripheral Nerve Interfacing.  IEEE Transactions 
on Neural Systems and Rehabilitation Engineering  21: 554–566.  

    Corey, J.M., D.Y. Lin, K.B. Mycek, Q. Chen, S. Samuel, E.L. Feldman, and D.C. Martin. 2007. 
Aligned Electrospun Nanofi bers Specify the Direction of Dorsal Root Ganglia Neurite Growth. 
 Journal of Biomedical Materials Research. Part A  83: 636–645.  

    Cui, H., M.J. Webber, and S.I. Stupp. 2010. Self-Assembly of Peptide Amphiphiles: From 
Molecules to Nanostructures to Biomaterials.  Peptide Science  94: 1–18.  

    Cunha, C., S. Panseri, O. Villa, D. Silva, and F. Gelain. 2011. 3D Culture of Adult Mouse Neural 
Stem Cells Within Functionalized Self-Assembling Peptide Scaffolds.  International Journal of 
Nanomedicine  6: 943–955.  

    Curtis, A., and M. Riehle. 2001. Tissue Engineering: The Biophysical Background.  Physics in 
Medicine and Biology  46: R47–R65.  

    Daud, M.F., K.C. Pawar, F. Claeyssens, A.J. Ryan, and J.W. Haycock. 2012. An Aligned 3D 
Neuronal-Glial Co-culture Model for Peripheral Nerve Studies.  Biomaterials  33: 5901–5913.  

    De Luca, A.C., S.P. Lacour, W. Raffoul, and P.G. Di Summa. 2014. Extracellular Matrix 
Components in Peripheral Nerve Repair: how to Affect Neural Cellular Response and Nerve 
Regeneration?  Neural Regeneration Research  9: 1943.  

    Deane, R., and B.V. Zlokovic. 2007. Role of the Blood-Brain Barrier in the Pathogenesis of 
Alzheimer’s Disease.  Current Alzheimer Research  4: 191–197.  

    Dickendesher, T.L., K.T. Baldwin, Y.A. Mironova, Y. Koriyama, S.J. Raiker, K.L. Askew, A. Wood, 
C.G. Geoffroy, B. Zheng, C.D. Liepmann, Y. Katagiri, L.I. Benowitz, H.M. Geller, and 
R.J. Giger. 2012. NgR1 and NgR3 are Receptors for Chondroitin Sulfate Proteoglycans.  Nature 
Neuroscience  15: 703–712.  

    Ding, C., Y. Wang, and S. Zhang. 2007. Synthesis and Characterization of Degradable Electrically 
Conducting Copolymer of Aniline Pentamer and Polyglycolide.  European Polymer Journal  43: 
4244–4252.  

    Dityatev, A., and M. Schachner. 2003. Extracellular Matrix Molecules and Synaptic Plasticity. 
 Nature Reviews Neuroscience  4: 456–468.  

    Eather, T.F., M. Pollock, and D.B. Myers. 1986. Proximal and Distal Changes in Collagen Content 
of Peripheral Nerve that Follow Transection and Crush Lesions.  Experimental Neurology  92: 
299–310.  

     El-Bacha, R., and A. Minn. 1999. Drug metabolizing enzymes in cerebrovascular endothelial cells 
afford a metabolic protection to the brain.  Cellular and Molecular Biology (Noisy-le-Grand, 
France)  45: 15–23.  

6 Bioactive Nanomaterials for Neural Engineering



200

    Engler, A.J., S. Sen, H.L. Sweeney, and D.E. Discher. 2006. Matrix Elasticity Directs Stem Cell 
Lineage Specifi cation.  Cell  126: 677–689.  

    Evans, G.R. 2000. Challenges to Nerve Regeneration.  Seminars in Surgical Oncology  19: 
312–318.  

    Fansa, H., G. Keilhoff, G. Wolf, W. Schneider, and B.G. Gold. 2001. Tissue Engineering of 
Peripheral Nerves: A Comparison of Venous and Acellular Muscle Grafts with Cultured 
Schwann Cells.  Plastic and Reconstructive Surgery  107: 495–496.  

    Faroni, A., S.A. Mobasseri, P.J. Kingham, and A.J. Reid. 2015. Peripheral Nerve Regeneration: 
Experimental Strategies and Future Perspectives.  Advanced Drug Delivery Reviews  82–83: 
160–167.  

    Fawcett, J.W., and R.A. Asher. 1999. The Glial Scar and Central Nervous System Repair.  Brain 
Research Bulletin  49: 377–391.  

    Freudenberg, U., A. Hermann, P.B. Welzel, K. Stirl, S.C. Schwarz, M. Grimmer, A. Zieris, 
W. Panyanuwat, S. Zschoche, D. Meinhold, A. Storch, and C. Werner. 2009. A Star-PEG- 
Heparin Hydrogel Platform to aid Cell Replacement Therapies for Neurodegenerative Diseases. 
 Biomaterials  30: 5049–5060.  

    Fu, S.Y., and T. Gordon. 1997. The Cellular and Molecular Basis of Peripheral Nerve Regeneration. 
 Molecular Neurobiology  14: 67–116.  

      Garcia-Garcia, E., K. Andrieux, S. Gil, and P. Couvreur. 2005. Colloidal Carriers and Blood-Brain 
Barrier (BBB) Translocation: A way to Deliver Drugs to the Brain?  International Journal of 
Pharmaceutics  298: 274–292.  

    Georges, P.C., and P.A. Janmey. 2005. Cell type-specifi c response to growth on soft materials. 
 Journal of Applied Physiology (Bethesda, Md.: 1985)  98: 1547–53.  

     Georges, P.C., W.J. Miller, D.F. Meaney, E.S. Sawyer, and P.A. Janmey. 2006. Matrices with 
Compliance Comparable to that of Brain Tissue Select Neuronal Over Glial Growth in Mixed 
Cortical Cultures.  Biophysical Journal  90: 3012–3018.  

    Ghasemi-Mobarakeh, L., M.P. Prabhakaran, M. Morshed, M.H. Nasr-Esfahani, H. Baharvand, 
S. Kiani, S.S. Al-Deyab, and S. Ramakrishna. 2011. Application of Conductive Polymers, 
Scaffolds and Electrical Stimulation for Nerve Tissue Engineering.  Journal of Tissue 
Engineering and Regenerative Medicine  5: e17–e35.  

    Gilliatt, R., and R. Hjorth. 1972. Nerve Conduction During Wallerian Degeneration in the Baboon. 
 Journal of Neurology, Neurosurgery & Psychiatry  35: 335–341.  

    Glasby, M., S. Gschmeissner, C.L. Huang, and B. De Souza. 1986. Degenerated Muscle Grafts 
Used for Peripheral Nerve Repair in Primates.  Journal of Hand Surgery (British and European 
Volume)  11: 347–351.  

    Graf, J., R.C. Ogle, F.A. Robey, M. Sasaki, G.R. Martin, Y. Yamada, and H.K. Kleinman. 1987. A 
Pentapeptide from the Laminin B1 Chain Mediates Cell Adhesion and Binds the 67,000 
Laminin Receptor.  Biochemistry  26: 6896–6900.  

   Griffi n, J.W., E.B. George, S.-T. Hsieh, and J.D. Glass. 1995. 20 Axonal Degeneration and 
Disorders of the Axonal Cytoskeleton.  The Axon: Structure, Function, and Pathophysiology  
375.  

    Grill, R., K. Murai, A. Blesch, F.H. Gage, and M.H. Tuszynski. 1997. Cellular Delivery of 
Neurotrophin-3 Promotes Corticospinal Axonal Growth and Partial Functional Recovery After 
Spinal Cord Injury.  Journal of Neuroscience  17: 5560–5572.  

    Groll, J., J. Fiedler, E. Engelhard, T. Ameringer, S. Tugulu, H.A. Klok, R.E. Brenner, and 
M. Moeller. 2005. A Novel Star PEG-Derived Surface Coating for Specifi c Cell Adhesion. 
 Journal of Biomedical Materials Research. Part A  74: 607–617.  

     Gu, X., F. Ding, and D.F. Williams. 2014. Neural Tissue Engineering Options for Peripheral Nerve 
Regeneration.  Biomaterials  35: 6143–6156.  

    Gulati, A.K. 1998. Immune Response and Neurotrophic Factor Interactions in Peripheral Nerve 
Transplants.  Acta Haematologica  99: 171–174.  

    Gulati, A.K., and G.P. Cole. 1990. Nerve Graft Immunogenicity as a Factor Determining Axonal 
Regeneration in the Rat.  Journal of Neurosurgery  72: 114–122.  

M. Sever et al.



201

    Gulyaev, A.E., S.E. Gelperina, I.N. Skidan, A.S. Antropov, G.Y. Kivman, and J. Kreuter. 1999. 
Signifi cant Transport of Doxorubicin into the Brain With Polysorbate 80-Coated Nanoparticles. 
 Pharmaceutical Research  16: 1564–1569.  

    Hawkins, B.T., and T.P. Davis. 2005. The Blood-Brain Barrier/Neurovascular Unit in Health and 
Disease.  Pharmacological Reviews  57: 173–185.  

    Hoffman-Kim, D., J.A. Mitchel, and R.V. Bellamkonda. 2010. Topography, Cell Response, and 
Nerve Regeneration.  Annual Review of Biomedical Engineering  12: 203–231.  

    Holmes, T.C. 2002. Novel Peptide-Based Biomaterial Scaffolds for Tissue Engineering.  Trends in 
Biotechnology  20: 16–21.  

    Horner, P.J., and F.H. Gage. 2000. Regenerating the Damaged Central Nervous System.  Nature  
407: 963–970.  

    Hubert, T., S. Grimal, P. Carroll, and A. Fichard-Carroll. 2009. Collagens in the Developing and 
Diseased Nervous System.  Cellular and Molecular Life Sciences  66: 1223–1238.  

    Hudson, B.G., S.T. Reeders, and K. Tryggvason. 1993. Type IV Collagen: Structure, Gene 
Organization, and Role in Human Diseases. Molecular Basis of Goodpasture and Alport 
Syndromes and Diffuse Leiomyomatosis.  Journal of Biological Chemistry  268: 
26033–26036.  

    Hunanyan, A.S., G. Garcia-Alias, J.M. Levine, J.W. Fawcett, L.M. Mendell, and V.L. Arvanian. 
2010. Role of Chondroitin Sulfate Proteoglycans (CSPGs) in Synaptic Plasticity and 
Neurotransmission in Mammalian Spinal Cord.  Journal of Neuroscience  30(23):7761- 
7769 (23): 7761–7769.  

    Ichihara, S., Y. Inada, and T. Nakamura. 2008. Artifi cial Nerve Tubes and Their Application for 
Repair of Peripheral Nerve Injury: An Update of Current Concepts.  Injury  39: 29–39.  

       Itoh, S., K. Takakuda, S. Ichinose, M. Kikuchi, and K. Schinomiya. 2001. A Study of Induction of 
Nerve Regeneration Using Bioabsorbable Tubes.  Journal of Reconstructive Microsurgery  17: 
115–124.  

    Itoh, S., I. Yamaguchi, M. Suzuki, S. Ichinose, K. Takakuda, H. Kobayashi, K. Shinomiya, and 
J. Tanaka. 2003. Hydroxyapatite-Coated Tendon Chitosan Tubes With Adsorbed Laminin 
Peptides Facilitate Nerve Regeneration in Vivo.  Brain Research  993: 111–123.  

   Jalili-Firoozinezhad, S., F. Mirakhori, and H. Baharvand. 2014. Nanotissue Engineering of Neural 
Cells.  Stem Cell Nanoengineering  265.  

    Jiang, B., P. Zhang, and B. Jiang. 2010. Advances in Small gap Sleeve Bridging Peripheral Nerve 
Injury.  Artifi cial Cells, Blood Substitutes, and Immobilization Biotechnology  38: 1–4.  

    Jiang, X., R. Mi, A. Hoke, and S.Y. Chew. 2014. Nanofi brous Nerve Conduit-Enhanced Peripheral 
Nerve Regeneration.  Journal of Tissue Engineering and Regenerative Medicine  8: 377–385.  

    Johnson, E.O., A.B. Zoubos, and P.N. Soucacos. 2005. Regeneration and Repair of Peripheral 
Nerves.  Injury  36(Suppl 4): S24–S29.  

    Jones, L.L., R.U. Margolis, and M.H. Tuszynski. 2003. The Chondroitin Sulfate Proteoglycans 
Neurocan, Brevican, Phosphacan, and Versican are Differentially Regulated Following Spinal 
Cord Injury.  Experimental Neurology  182: 399–411.  

    Khatiwala, C.B., S.R. Peyton, and A.J. Putnam. 2006. Intrinsic Mechanical Properties of the 
Extracellular Matrix Affect the Behavior of pre-Osteoblastic MC3T3-E1 Cells.  American 
Journal Of Physiology. Cell Physiology  290: C1640–C1650.  

    Kim, D.H., and D.C. Martin. 2006. Sustained Release of Dexamethasone from Hydrophilic 
Matrices Using PLGA Nanoparticles for Neural Drug Delivery.  Biomaterials  27: 3031–3037.  

    Kim, D.H., S.E. Connolly, S. Zhao, R.W. Beuerman, R.M. Voorhies, and D.G. Kline. 1993. 
Comparison of Macropore, Semipermeable, and Nonpermeable Collagen Conduits in Nerve 
Repair.  Journal of Reconstructive Microsurgery  9: 415–420.  

    Kim, Y.-T., V.K. Haftel, S. Kumar, and R.V. Bellamkonda. 2008. The Role of Aligned Polymer 
Fiber-Based Constructs in the Bridging of Long Peripheral Nerve Gaps.  Biomaterials  29: 
3117–3127.  

    Kim, S.-E., E.C. Harker, A.C. De Leon, R.C. Advincula, and J.K. Pokorski. 2015. Coextruded, 
Aligned, and Gradient-Modifi ed Poly (ε-Caprolactone) Fibers as Platforms for Neural Growth. 
 Biomacromolecules  16: 860–867.  

6 Bioactive Nanomaterials for Neural Engineering



202

      Koh, H.S., T. Yong, W.E. Teo, C.K. Chan, M.E. Puhaindran, T.C. Tan, A. Lim, B.H. Lim, and 
S. Ramakrishna. 2010. In Vivo Study of Novel Nanofi brous Intra-Luminal Guidance Channels 
to Promote Nerve Regeneration.  Journal of Neural Engineering  7: 046003.  

     Koopmans, G., B. Hasse, and N. Sinis. 2009. Chapter 19: The Role of Collagen in Peripheral 
Nerve Repair.  International Review of Neurobiology  87: 363–379.  

    Kwok, J.C., D. Carulli, and J.W. Fawcett. 2010. In Vitro Modeling of Perineuronal Nets: 
Hyaluronan Synthase and Link Protein are Necessary for Their Formation and Integrity. 
 Journal of Neurochemistry  114: 1447–1459.  

    Kwok, J.C., G. Dick, D. Wang, and J.W. Fawcett. 2011. Extracellular Matrix and Perineuronal 
Nets in CNS Repair.  Developmental Neurobiology  71: 1073–1089.  

    Lanaras, T.I., H.E. Schaller, and N. Sinis. 2009. Brachial Plexus Lesions: 10 Years of Experience 
in a Center for Microsurgery in Germany.  Microsurgery  29: 87–94.  

    Larsen, P.H., J.E. Wells, W.B. Stallcup, G. Opdenakker, and V.W. Yong. 2003. Matrix 
Metalloproteinase-9 Facilitates Remyelination in Part by Processing the Inhibitory NG2 
Proteoglycan.  The Journal of Neuroscience  23: 11127–11135.  

    Lassner, F., E. Schaller, G. Steinhoff, K. Wonigeit, G.F. Walter, and A. Berger. 1989. Cellular 
Mechanisms of Rejection and Regeneration in Peripheral Nerve Allografts.  Transplantation  
48: 386–392.  

     Lau, L.W., R. Cua, M.B. Keough, S. Haylock-Jacobs, and V.W. Yong. 2013. Pathophysiology of 
the Brain Extracellular Matrix: A new Target for Remyelination.  Nature Reviews Neuroscience  
14: 722–729.  

    Leach, J.B., X.Q. Brown, J.G. Jacot, P.A. Dimilla, and J.Y. Wong. 2007. Neurite Outgrowth and 
Branching of PC12 Cells on Very Soft Substrates Sharply Decreases Below a Threshold of 
Substrate Rigidity.  Journal of Neural Engineering  4: 26–34.  

     Lee, S.K., and S.W. Wolfe. 2000. Peripheral Nerve Injury and Repair.  Journal of the American 
Academy of Orthopaedic Surgeons  8: 243–252.  

    Li, X., Z. Yang, and A. Zhang. 2009. The Effect of Neurotrophin-3/Chitosan Carriers on the 
Proliferation and Differentiation of Neural Stem Cells.  Biomaterials  30: 4978–4985.  

    Li, X.W., E. Katsanevakis, X.Y. Liu, N. Zhang, and X.J. Wen. 2012. Engineering Neural Stem Cell 
Fates With Hydrogel Design for Central Nervous System Regeneration.  Progress in Polymer 
Science  37: 1105–1129.  

    Lian, T., and R.J. Ho. 2001. Trends and Developments in Liposome Drug Delivery Systems. 
 Journal of Pharmaceutical Sciences  90: 667–680.  

    Lockman, P.R., R.J. Mumper, M.A. Khan, and D.D. Allen. 2002. Nanoparticle Technology for 
Drug Delivery Across the Blood-Brain Barrier.  Drug Development and Industrial Pharmacy  
28: 1–13.  

    Lutolf, M.P., and J.A. Hubbell. 2005. Synthetic Biomaterials as Instructive Extracellular 
Microenvironments for Morphogenesis in Tissue Engineering.  Nature Biotechnology  23: 
47–55.  

    Mackinnon, S., A. Hudson, R. Falk, J. Bilbao, D. Kline, and D. Hunter. 1982. Nerve Allograft 
Response: A Quantitative Immunological Study.  Neurosurgery  10: 61–69.  

    Mammadov, B., R. Mammadov, M.O. Guler, and A.B. Tekinay. 2012. Cooperative Effect of 
Heparan Sulfate and Laminin Mimetic Peptide Nanofi bers on the Promotion of Neurite 
Outgrowth.  Acta Biomaterialia  8: 2077–2086.  

    Marquardt, L.M., and S.E. Sakiyama-Elbert. 2013. Engineering Peripheral Nerve Repair.  Current 
Opinion in Biotechnology  24: 887–892.  

    Matsumoto, K., K. Ohnishi, T. Kiyotani, T. Sekine, H. Ueda, T. Nakamura, K. Endo, and 
Y. Shimizu. 2000. Peripheral Nerve Regeneration Across an 80-mm gap Bridged by a 
Polyglycolic Acid (PGA)-Collagen Tube Filled With Laminin-Coated Collagen Fibers: A 
Histological and Electrophysiological Evaluation of Regenerated Nerves.  Brain Research  868: 
315–328.  

    McCaig, C.D., A.M. Rajnicek, B. Song, and M. Zhao. 2005. Controlling Cell Behavior Electrically: 
Current Views and Future Potential.  Physiological Reviews  85: 943–978.  

M. Sever et al.



203

    McKeon, R.J., R.C. Schreiber, J.S. Rudge, and J. Silver. 1991. Reduction of Neurite Outgrowth in 
a Model of Glial Scarring Following CNS Injury is Correlated With the Expression of 
Inhibitory Molecules on Reactive Astrocytes.  Journal of Neuroscience  11: 3398–3411.  

    Mckeon, R.J., M.J. Jurynec, and C.R. Buck. 1999. The Chondroitin Sulfate Proteoglycans 
Neurocan and Phosphacan are Expressed by Reactive Astrocytes in the Chronic CNS Glial 
Scar.  The Journal of Neuroscience  19: 10778–10788.  

    McRae, A., and A. Dahlstrom. 1994. Transmitter-Loaded Polymeric Microspheres Induce 
Regrowth of Dopaminergic Nerve Terminals in Striata of Rats With 6-OH-DA Induced 
Parkinsonism.  Neurochemistry International  25: 27–33.  

    Menei, P., M. Boisdron-Celle, A. Croue, G. Guy, and J.P. Benoit. 1996. Effect of Stereotactic 
Implantation of Biodegradable 5-Fluorouracil-Loaded Microspheres in Healthy and C6 
Glioma-Bearing Rats.  Neurosurgery  39: 117–123; discussion 123–124.  

    Milner, R., M. Wilby, S. Nishimura, K. Boylen, G. Edwards, J. Fawcett, C. Streuli, and R. Pytela. 
1997. Division of Labor of Schwann Cell Integrins During Migration on Peripheral Nerve 
Extracellular Matrix Ligands.  Developmental Biology  185: 215–228.  

    Misra, A., S. Ganesh, A. Shahiwala, and S.P. Shah. 2003. Drug Delivery to the Central Nervous 
System: A Review.  Journal of Pharmacy & Pharmaceutical Sciences  6: 252–273.  

    Mobasseri, S.A., G. Terenghi, and S. Downes. 2013. Micro-Structural Geometry of Thin Films 
Intended for the Inner Lumen of Nerve Conduits Affects Nerve Repair.  Journal of Materials 
Science. Materials in Medicine  24: 1639–1647.  

    Navarro, X., M. Vivó, and A. Valero-Cabré. 2007. Neural Plasticity After Peripheral Nerve Injury 
and Regeneration.  Progress in Neurobiology  82: 163–201.  

    Nguyen, H.T., C. Wei, J.K. Chow, L. Nguy, H.K. Nguyen, and C.E. Schmidt. 2013. Electric Field 
Stimulation Through a Substrate Infl uences Schwann Cell and Extracellular Matrix Structure. 
 Journal of Neural Engineering  10: 046011.  

    Oh, S.H., J.R. Kim, G.B. Kwon, U. Namgung, K.S. Song, and J.H. Lee. 2013. Effect of Surface 
Pore Structure of Nerve Guide Conduit on Peripheral Nerve Regeneration.  Tissue Engineering. 
Part C, Methods  19: 233–243.  

    Ohtsuki, S., and T. Terasaki. 2007. Contribution of Carrier-Mediated Transport Systems to the 
Blood–Brain Barrier as a Supporting and Protecting Interface for the Brain; Importance for 
CNS Drug Discovery and Development.  Pharmaceutical Research  24: 1745–1758.  

    Pabari, A., S.Y. Yang, A.M. Seifalian, and A. Mosahebi. 2010. Modern Surgical Management of 
Peripheral Nerve gap.  Journal of Plastic, Reconstructive & Aesthetic Surgery  63: 1941–1948.  

    Pan, W., W.A. Banks, and A.J. Kastin. 1997. Permeability of the Blood–Brain and Blood–Spinal 
Cord Barriers to Interferons.  Journal of Neuroimmunology  76: 105–111.  

    Pardridge, W.M. 2007. Blood-Brain Barrier Delivery.  Drug Discovery Today  12: 54–61.  
    Pedersen, J.A., and M.A. Swartz. 2005. Mechanobiology in the Third Dimension.  Annals of 

Biomedical Engineering  33: 1469–1490.  
    Peretz, H., A.E. Talpalar, R. Vago, and D. Baranes. 2007. Superior Survival and Durability of 

Neurons and Astrocytes on 3-Dimensional Aragonite Biomatrices.  Tissue Engineering  13: 
461–472.  

     Pham, Q.P., U. Sharma, and A.G. Mikos. 2006. Electrospinning of Polymeric Nanofi bers for 
Tissue Engineering Applications: A Review.  Tissue Engineering  12: 1197–1211.  

    Pierschbacher, M.D., and E. Ruoslahti. 1984. Cell Attachment Activity of Fibronectin can be 
Duplicated by Small Synthetic Fragments of the Molecule.  Nature  309: 30–33.  

    Pollard, J.D., J.G. McLeod, and R.S. Gye. 1971. The use of Immunosuppressive Agents in 
Peripheral Nerve Homograft Surgery: An Experimental Study.  Proceedings of the Australian 
Association of Neurologists  8: 77–83.  

    Prabhakaran, M.P., J. Venugopal, C.K. Chan, and S. Ramakrishna. 2008. Surface Modifi ed 
Electrospun Nanofi brous Scaffolds for Nerve Tissue Engineering.  Nanotechnology  19: 455102.  

    Prowse, A.B., F. Chong, P.P. Gray, and T.P. Munro. 2011. Stem Cell Integrins: Implications for 
ex-Vivo Culture and Cellular Therapies.  Stem Cell Research  6: 1–12.  

6 Bioactive Nanomaterials for Neural Engineering



204

    Rangappa, N., A. Romero, K.D. Nelson, R.C. Eberhart, and G.M. Smith. 2000. Laminin-Coated 
Poly (L-Lactide) Filaments Induce Robust Neurite Growth While Providing Directional 
Orientation.  Journal of Biomedical Materials Research  51: 625–634.  

    Rauch, U. 2007. Brain Matrix: Structure, Turnover and Necessity.  Biochemical Society Transactions  
35: 656–660.  

    Ray, W.Z., and S.E. Mackinnon. 2010. Management of Nerve Gaps: Autografts, Allografts, Nerve 
Transfers, and end-to-Side Neurorrhaphy.  Experimental Neurology  223: 77–85.  

    Ribeiro-Resende, V.T., B. Koenig, S. Nichterwitz, S. Oberhoffner, and B. Schlosshauer. 2009. 
Strategies for Inducing the Formation of Bands of Bungner in Peripheral Nerve Regeneration. 
 Biomaterials  30: 5251–5259.  

    Richardson, P.M., U.M. McGuinness, and A.J. Aguayo. 1980. Axons from CNS Neurons 
Regenerate into PNS Grafts.  Nature  284: 264–265.  

    Rivers, T.J., T.W. Hudson, and C.E. Schmidt. 2002. Synthesis of a Novel, Biodegradable 
Electrically Conducting Polymer for Biomedical Applications.  Advanced Functional Materials  
12: 33–37.  

    Romero, M.I., N. Rangappa, M.G. Garry, and G.M. Smith. 2001. Functional Regeneration of 
Chronically Injured Sensory Afferents into Adult Spinal Cord After Neurotrophin Gene 
Therapy.  Journal of Neuroscience  21: 8408–8416.  

    Rutka, J.T., G. Apodaca, R. Stern, and M. Rosenblum. 1988. The Extracellular Matrix of the 
Central and Peripheral Nervous Systems: Structure and Function.  Journal of Neurosurgery  69: 
155–170.  

    Rutkowski, G.E., C.A. Miller, S. Jeftinija, and S.K. Mallapragada. 2004. Synergistic Effects of 
Micropatterned Biodegradable Conduits and Schwann Cells on Sciatic Nerve Regeneration. 
 Journal of Neural Engineering  1: 151.  

     Saha, K., A.J. Keung, E.F. Irwin, Y. Li, L. Little, D.V. Schaffer, and K.E. Healy. 2008. Substrate 
Modulus Directs Neural Stem Cell Behavior.  Biophysical Journal  95: 4426–4438.  

      Santiago, L.Y., J. Clavijo-Alvarez, C. Brayfi eld, J.P. Rubin, and K.G. Marra. 2009. Delivery of 
Adipose-Derived Precursor Cells for Peripheral Nerve Repair.  Cell Transplantation  18: 
145–158.  

      Schense, J.C., J. Bloch, P. Aebischer, and J.A. Hubbell. 2000. Enzymatic Incorporation of Bioactive 
Peptides into Fibrin Matrices Enhances Neurite Extension.  Nature Biotechnology  18: 
415–419.  

        Schmidt, C.E., and J.B. Leach. 2003. Neural Tissue Engineering: Strategies for Repair and 
Regeneration.  Annual Review of Biomedical Engineering  5: 293–347.  

    Schmidt, C.E., V.R. Shastri, J.P. Vacanti, and R. Langer. 1997. Stimulation of neurite outgrowth 
using an electrically conducting polymer.  Proceedings of the National Academy of Sciences of 
the United States of America  94: 8948–8953.  

    Schnyder, A., and J. Huwyler. 2005. Drug Transport to Brain with Targeted Liposomes.  NeuroRx  
2: 99–107.  

    Seil, J.T., and T.J. Webster. 2010. Electrically Active Nanomaterials as Improved Neural Tissue 
Regeneration Scaffolds.  Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology  
2: 635–647.  

    Sharma, H.S. 2005. Pathophysiology of Blood-Spinal Cord Barrier in Traumatic Injury and Repair. 
 Current Pharmaceutical Design  11: 1353–1389.  

     Sharma, K., M.E. Selzer, and S. Li. 2012. Scar-Mediated Inhibition and CSPG Receptors in the 
CNS.  Experimental Neurology  237: 370–378.  

    Shellswell, G.B., D.J. Restall, V.C. Duance, and A.J. Bailey. 1979. Identifi cation and Differential 
Distribution of Collagen Types in the Central and Peripheral Nervous Systems.  FEBS Letters  
106: 305–308.  

    Sheppard, A.M., S.K. Hamilton, and A.L. Pearlman. 1991. Changes in the Distribution of 
Extracellular Matrix Components Accompany Early Morphogenetic Events of Mammalian 
Cortical Development.  The Journal of Neuroscience  11: 3928–3942.  

    Siegel, G.J., and N.B. Chauhan. 2000. Neurotrophic Factors in Alzheimer’s and Parkinson’s 
Disease Brain.  Brain Research. Brain Research Reviews  33: 199–227.  

M. Sever et al.



205

    Siegel, G.J., B.W. Agranoff, R.W. Albers, S.K. Fisher, M.D. Uhler, and D.E. Pleasure. 1999. 
 Regeneration in the Central and Peripheral Nervous Systems .  

    Siemionow, M., and G. Brzezicki. 2009. Chapter 8: Current Techniques and Concepts in Peripheral 
Nerve Repair.  International Review of Neurobiology  87: 141–172.  

    Silva, G.A., C. Czeisler, K.L. Niece, E. Beniash, D.A. Harrington, J.A. Kessler, and S.I. Stupp. 
2004. Selective Differentiation of Neural Progenitor Cells by High-Epitope Density Nanofi bers. 
 Science  303: 1352–1355.  

    Silva, N.A., M.J. Cooke, R.Y. Tam, N. Sousa, A.J. Salgado, R.L. Reis, and M.S. Shoichet. 2012. 
The Effects of Peptide Modifi ed Gellan gum and Olfactory Ensheathing Glia Cells on Neural 
Stem/Progenitor Cell Fate.  Biomaterials  33: 6345–6354.  

    Silver, J., and J.H. Miller. 2004. Regeneration Beyond the Glial Scar.  Nature Reviews Neuroscience  
5: 146–156.  

    Stirling, D.P., and P.K. Stys. 2010. Mechanisms of Axonal Injury: Internodal Nanocomplexes and 
Calcium Deregulation.  Trends in Molecular Medicine  16: 160–170.  

    Stoll, G., J.W. Griffi n, C.Y. Li, and B.D. Trapp. 1989. Wallerian Degeneration in the Peripheral 
Nervous System: Participation of Both Schwann Cells and Macrophages in Myelin Degradation. 
 Journal of Neurocytology  18: 671–683.  

    Subbiah, T., G. Bhat, R. Tock, S. Parameswaran, and S. Ramkumar. 2005. Electrospinning of 
Nanofi bers.  Journal of Applied Polymer Science  96: 557–569.  

    Sun, M., M. McGowan, P.J. Kingham, G. Terenghi, and S. Downes. 2010. Novel Thin-Walled 
Nerve Conduit With Microgrooved Surface Patterns for Enhanced Peripheral Nerve Repair. 
 Journal of Materials Science. Materials in Medicine  21: 2765–2774.  

    Tan, A., J. Rajadas, and A.M. Seifalian. 2012. Biochemical Engineering Nerve Conduits Using 
Peptide Amphiphiles.  Journal of Controlled Release  163: 342–352.  

    Tang, X., J.E. Davies, and S.J. Davies. 2003. Changes in Distribution, Cell Associations, and 
Protein Expression Levels of NG2, Neurocan, Phosphacan, Brevican, Versican V2, and 
Tenascin-C During Acute to Chronic Maturation of Spinal Cord Scar Tissue.  Journal of 
Neuroscience Research  71: 427–444.  

     Tashiro, K.-I., G. Sephel, B. Weeks, M. Sasaki, G. Martin, H.K. Kleinman, and Y. Yamada. 1989. 
A Synthetic Peptide Containing the IKVAV Sequence from the A Chain of Laminin Mediates 
Cell Attachment, Migration, and Neurite Outgrowth.  Journal of Biological Chemistry  264: 
16174–16182.  

    Toba, T., T. Nakamura, Y. Shimizu, K. Matsumoto, K. Ohnishi, S. Fukuda, M. Yoshitani, H. Ueda, 
Y. Hori, and K. Endo. 2001. Regeneration of Canine Peroneal Nerve With the use of a 
Polyglycolic Acid–Collagen Tube Filled With Laminin-Soaked Collagen Sponge: A 
Comparative Study of Collagen Sponge and Collagen Fibers as Filling Materials for Nerve 
Conduits.  Journal of Biomedical Materials Research  58: 622–630.  

    Trumble, T.E., and F.G. Shon. 2000. The Physiology of Nerve Transplantation.  Hand Clinics  16: 
105–122.  

    Tsiper, M.V., and P.D. Yurchenco. 2002. Laminin Assembles into Separate Basement Membrane 
and Fibrillar Matrices in Schwann Cells.  Journal of Cell Science  115: 1005–1015.  

    Tu, Q., L. Li, Y.R. Zhang, J.C. Wang, R. Liu, M.L. Li, W.M. Liu, X.Q. Wang, L. Ren, and 
J.Y. Wang. 2011. The Effect of Acetylcholine-Like Biomimetic Polymers on Neuronal 
Growth.  Biomaterials  32: 3253–3264.  

    Tysseling-Mattiace, V.M., V. Sahni, K.L. Niece, D. Birch, C. Czeisler, M.G. Fehlings, S.I. Stupp, 
and J.A. Kessler. 2008. Self-Assembling Nanofi bers Inhibit Glial Scar Formation and Promote 
Axon Elongation After Spinal Cord Injury.  Journal of Neuroscience  28: 3814–3823.  

    Udina, E., M. Furey, S. Busch, J. Silver, T. Gordon, and K. Fouad. 2008. Electrical Stimulation of 
Intact Peripheral Sensory Axons in Rats Promotes Outgrowth of Their Central Projections. 
 Experimental Neurology  210: 238–247.  

    Verheijen, M.H., R. Chrast, P. Burrola, and G. Lemke. 2003. Local Regulation of fat Metabolism 
in Peripheral Nerves.  Genes & Development  17: 2450–2464.  

6 Bioactive Nanomaterials for Neural Engineering



206

    Waller, A. 1850. Experiments on the Section of the Glossopharyngeal and Hypoglossal Nerves of 
the Frog, and Observations of the Alterations Produced Thereby in the Structure of Their 
Primitive Fibres.  Philosophical Transactions of the Royal Society of London  140: 423–429.  

    Walsh, S., J. Biernaskie, S. Kemp, and R. Midha. 2009. Supplementation of Acellular Nerve Grafts 
With Skin Derived Precursor Cells Promotes Peripheral Nerve Regeneration.  Neuroscience  
164: 1097–1107.  

    Wang, M.S., A.A. Davis, D.G. Culver, Q. Wang, J.C. Powers, and J.D. Glass. 2004. Calpain 
Inhibition Protects Against Taxol-Induced Sensory Neuropathy.  Brain  127: 671–679.  

    Wang, X., T. Cui, Y. Yan, and R. Zhang. 2009. Peroneal Nerve Regeneration Using A Unique 
Bilayer Polyurethane-Collagen Guide Conduit.  Journal of Bioactive and Compatible Polymers  
24: 109–127.  

    Williams, L.R., F.M. Longo, H.C. Powell, G. Lundborg, and S. Varon. 1983. Spatial-Temporal 
Progress of Peripheral Nerve Regeneration Within a Silicone Chamber: Parameters for a 
Bioassay.  Journal of Comparative Neurology  218: 460–470.  

    Xie, J., M.R. Macewan, A.G. Schwartz, and Y. Xia. 2010. Electrospun Nanofi bers for Neural 
Tissue Engineering.  Nanoscale  2: 35–44.  

    Yannas, I.V., M. Zhang, and M.H. Spilker. 2007. Standardized Criterion to Analyze and Directly 
Compare Various Materials and Models for Peripheral Nerve Regeneration.  Journal of 
Biomaterials Science, Polymer Edition  18: 943–966.  

    Yao, L., A. Pandit, S. Yao, and C.D. McCaig. 2011. Electric Field-Guided Neuron Migration: A 
Novel Approach in Neurogenesis.  Tissue Engineering. Part B, Reviews  17: 143–153.  

      Yu, X., and R.V. Bellamkonda. 2003. Tissue-Engineered Scaffolds Are Effective Alternatives to 
Autografts for Bridging Peripheral Nerve Gaps.  Tissue Engineering  9: 421–430.  

    Yu, X., G.P. Dillon, and R.V. Bellamkonda. 1999. A Laminin and Nerve Growth Factor-Laden 
Three-Dimensional Scaffold for Enhanced Neurite Extension.  Tissue Engineering  5: 
291–304.  

    Yurchenco, P.D., and Y. Cheng. 1994. Laminin Self-Assembly: A Three-Arm Interaction 
Hypothesis for the Formation of a Network in Basement Membranes.  Contributions to 
Nephrology  107: 47–56.  

    Zhang, Z., M. Rouabhia, Z. Wang, C. Roberge, G. Shi, P. Roche, J. Li, and L.H. Dao. 2007. 
Electrically Conductive Biodegradable Polymer Composite for Nerve Regeneration: 
Electricity-Stimulated Neurite Outgrowth and Axon Regeneration.  Artifi cial Organs  31: 
13–22.  

     Zhong, Y., and R.V. Bellamkonda. 2008. Biomaterials for the Central Nervous System.  Journal of 
the Royal Society Interface  5: 957–975.  

    Zimmermann, D.R., and M.T. Dours-Zimmermann. 2008. Extracellular Matrix of the Central 
Nervous System: From Neglect to Challenge.  Histochemistry and Cell Biology  130: 
635–653.  

    Zumwalt, M., and A. Wooldridge. 2014. Brachial Plexus Injury Accompanying Glenohumeral 
Instability Case Report and Literature Review.  Austin Journal of Orthopedics & 
Rheumatology  1: 4.    

M. Sever et al.



207

    Chapter 7   
 Cell Sources and Nanotechnology for Neural 
Tissue Engineering                     

     Wei     Zhu    ,     Nathan     Castro    ,     Brent     Harris    , and     Lijie     Grace     Zhang    

7.1           Introduction 

  Neural injures  , including central nervous system (CNS; brain and spinal cord) and 
peripheral nervous systems (PNS), resulting in the loss of sensory and motor as well 
as autonomic dysfunction, still present unique challenges regarding the full- 
functional recovery. Current clinical interventions are less than ideal and limited to 
relatively small defects. For  peripheral nerve injury  , typical treatment methods 
involve the end-to-end surgical connection of the severed ends (Schmidt and Leach 
 2003 ). However, current  FDA-approved devices  , such as NeuraGen Nerve Guide 
and SaluMedica’s SaluBridge Nerve Cuff, only address small transections and fail 
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to regenerate larger injures. For CNS injures, clinical treatment options are far less 
than promising, the PNS-CNS transections are challenging to reconnect. Particularly, 
when bone fragmentation occurs with spinal cord injury, surgery may reduce 
the risk of secondary injury, but fails to restore nerve function. One of the greatest 
challenges in CNS regeneration is attributed to the inhibitory environment of the 
injured site where the axonal outgrowth is blocked by the formation of a glial scar, 
composed of astrocytes and microglia (Scheib and Hoke  2013 ). 

 These challenges provide fertile ground to incite researchers toward the develop-
ment of new therapies to structurally and functionally restore the nervous system, 
especially for large defects which traverse the PNS and CNS transition zone.  Neural 
tissue engineerin  g is considered a promising method. It employs biocompatible 
materials and cells with the aim of regenerating injured neural tissues with func-
tional recovery. Unlike conventional neural prosthesis which solely provides a 
direct framework to bridge the gap and guide cells within the recipients’ body to 
regenerate injured tissues, neural tissue engineering scaffolds integrate autologous 
cells with biomaterials. The scaffolds’ microenvironment allows autologous cells to 
secrete more inductive/supportive factors for axonal elongation and reestablishment 
of neural networks in the defective site(s) improving the tissue “neighborhood” for 
successful regeneration. 

 Cells incorporated within tissue engineered scaffolds can help replace damaged 
neural cells by serving as “relays” to reestablish axonal connections for functional 
recovery (Sandner et al.  2012 ). In order to fulfi ll this objective, numerous cell 
sources have been investigated for neural tissue engineering.  Stem cells   are basic 
cell lines that hold the potential to differentiate into neural phenotypes. Additionally, 
 glial cells   which aid in promoting axon regrowth and enhanced myelination are also 
popularly used. 

 In addition to cell sources, the intimate microenvironment which can improve 
the regenerative capacity of cells is crucial for successful regeneration. Therefore, 
numerous strategies for stimulating axonal growth are under development. Among 
them,  nanomaterials   have attracted increasing interests due to their unique proper-
ties in regulating cell behavior at the molecular level. When compared to bulk mate-
rials,    nanomaterials exhibit a drastic increase in surface area, effective stiffness, and 
surface area to volume ratio, leading to scaffolds exhibiting favorable physiochemi-
cal properties (Padmanabhan and Kyriakides  2015 ).  Nanomaterials can   be tuned to 
respond to specifi c cell microenvironment and interact with cells at the molecular 
and supra-molecular level (Gilmore et al.  2008 ). 

 In the next section, we will begin our discussion by examining  multiple   stem 
cells sources and  glial cells   that are currently being investigated as promising 
cell sources for neural tissue engineering. In addition, the review will highlight 
 biomimetic nanomaterials     , including electrospun and self-assembling nanofi bers 
and carbon-based nanomaterials used in regulating neural cell growth and 
function.  
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7.2     Cell Sources for Neural Tissue Engineering 

7.2.1     Stem Cells 

   Stem cells      can be classifi ed into the following: embryonic, fetal, neonatal, and adult 
stem cells based on the developmental stage (Fig.  7.1 ) (Sandner et al.  2012 ). Among 
them,  embryonic stem cells (ESCs)   are obtained from a 5 to 6-day embryo exhibit-
ing pluripotency. Fetal and neonatal stem cells which are isolated from fetuses or 
newborn babies, respectively, hold multipotency. Adult stem cells including adult 
neural stem cells, hematopoietic stem cells, and mesenchymal stem cells (MSCs) 
exhibit multipotent capacity. In addition, induced pluripotent stem cells (iPSCs), 
reprogrammed somatic cells, are also explored for the application of neural 
regeneration.

7.2.1.1       Embryonic Stem Cells 

    ESCs      inherently contain a high capacity of continuous self-renew and differentia-
tion. Even when cultured in vitro, ESCs can retain their differentiation potential 
(Evans and Kaufman  1981 ).  Pluripotent ESCs      have drawn considerable interest for 

  Fig. 7.1     Neural stem cell   as a model to illustrate various developmental stages of stem cell dif-
ferentiation. Adapted from Sandner et al. ( 2012 )       
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the repair of nervous system injury. It has been documented that ESCs are able to 
differentiate into neurons, astrocytes, and oligodendrocytes when implanted into the 
brain, spinal cord, and peripheral nerves (Cui et al.  2008 ; McDonald et al.  1999 ; Liu 
et al.  2000 ). Cho et al. successfully induced human ESC-derived neural stem/pro-
genitor cells to generate neurons in vitro using myocyte enhancer factor 2C as a 
neurogenic and anti-apoptotic transcription factor (Fig.  7.2 ) (Cho et al.  2011 ). 
McDonald et al. utilized neural differentiated mouse ESCs to restore partial function 
after transection of rat spinal cord 9 days after trauma (McDonald et al.  1999 ). 
Results showed the  transplanted   ESCs maintained survivability, differentiated into 
neurons, astrocytes, and oligodendrocytes as well as migrated 8 mm away from the 
lesion edge. Importantly, a modest functional recovery was observed for the injured 
spinal cord. When ESC-derived neural progenitor cells were implanted into a severe 
peripheral nerve transection (rat sciatic nerve), it was found that the transplanted 
cells survived and differentiated into myelination cells (Cui et al.  2008 ). A uniform 
connection exhibiting near normal nerve diameter and densely packed Schwann 
cell-like phenotype was established between the proximal and distal stumps. In addi-
tion, functional activity recovery was observed over the regenerated injured gap. In 
another report, Xie et al. investigated the interaction between mouse ESCs and  elec-
trospun biodegradable polymer   scaffolds (Xie et al.  2009 ). ESC  growth and differ-
entiation   were evaluated when seeded upon poly(ε-caprolactone) (PCL) nanofi bers 
with random or aligned orientation. In both cases, ESCs were induced toward neural 
lineages (neurons, oligodendrocytes, and astrocytes). Most importantly, aligned 
nanofi bers produced the greatest neural differentiation with enhanced directed neu-
rite outgrowth, suggesting the combination of ESC-derived neural progenitor cells 
and tissue engineered scaffolds holds high potential for nerve injury repair.  

  Fig. 7.2    Neural differentiation of human  ESCs  . ( a ) Phase-contrast images showed the various 
stages of differentiation in vitro. ( b ) Immunochemistry staining illustrated the differentiation pro-
gression and specifi c makers expression (For neural progenitor cells: musashi 1 and Nestin. For 
neurons: DCX, MAP2, NeuN, synaptophysin, and PSD95. For astrocytes: S100b. For oligoden-
drocytes: CNPase. DNA stained with DAPI ( blue )). Adapted from Cho et al. ( 2011 )       
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7.2.1.2        Fetal and Neonatal Stem Cells 

    Multipotent  fetal         stem cells are less adaptable than ESCs with regard to differentia-
tion potential. Studies demonstrated fetal stem cells isolated from developing 
embryos give rise to differentiated neurons when cultured in vitro (Goslin et al. 
 1988 ). Like ESCs, the application of fetal stem cells is limited by ethical concerns 
and the use of immunosuppressive drugs. 

  Umbilical cords   containing umbilical cord blood-derived stem cells is the only 
clinical source for harvesting neonatal stem cells. Umbilical cord blood-derived 
stem cells can be easily isolated without donor side effects and ethical concerns 
(Rogers et al.  2007 ). In addition, umbilical cord blood-derived  stem cells      present 
less immunogenicity when compared to other stem cells (Sanberg et al.  2005 ). Cui 
et al. studied the infl uence of human umbilical cord blood-derived mesenchymal 
stem cell transplantation on the functional restoration of spinal cord injury (Cui 
et al.  2014 ). They found that rats undergoing stem cell transplantation showed sig-
nifi cant different recovery of spinal cord nerve function, suggesting this cell source 
is promising for neural regeneration.  Brain repair    using      umbilical cord blood- 
derived stem cells can be also found (Sanberg et al.  2005 ). Although some exciting 
results have been obtained, umbilical cord can only provide a very limited number 
of stem cells which impair its wide application for tissue engineering (Tse and 
Laughlin  2005 ).     

7.2.1.3     Adult Stem Cells 

   In addition to embryo,       fetuses, and newborns cell sources, stem cells can be also 
acquired from adult tissues and classifi ed in terms of tissue origin.  Neural stem cells   
are the most popular type of adult stem cell utilized in neural regeneration. Neural 
 stem   cells can self-renew and give rise to both neurons and glia. They can be iso-
lated from neurogenic regions including the hippocampus and subventricular zone, 
or some non-neurogenic regions, such as the spinal cord (Temple  2001 ). 

 The interaction between neural stem cells and tissue engineered scaffolds has 
been extensively studied both in vitro and in vivo. Nisbet et al. found neural stem 
cells grown on electrospun scaffolds can be induced to differentiate into oligoden-
drocytes in the presence of 10 % fetal bovine serum (Nisbet et al.  2008 ). In another 
report by Leipzig et al., the scaffolds’ stiffness infl uenced neural stem cell prolifera-
tion and differentiation (Leipzig and Shoichet  2009 ). They fabricated a photopoly-
merizable methacrylamide chitosan scaffold with Young’s modulus ranging from 
less than 1 kPa to greater than 30 kPa. Herein,  neural   stem cell proliferation was 
observed on scaffolds with less than 10 kPa Young’s modulus and the maximal cell 
proliferation was noted on a 3.5 kPa scaffold.  Oligodendrocyte differentiation   is 
preferred on stiffer surfaces with Young’s modulus greater than 7 kPa. However, 
softer surfaces (<1 kPa) can promote oligodendrocyte maturation and myelination 
as well as mature neuron growth. Astrocyte differentiation represented less than 2 % 
of the total cell population and only took place upon <1 kPa and 3.5 kPa surfaces. 
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These results suggest that mechanical properties play a crucial role in regulating 
proliferation and differentiation of adult neural stem cells; thus they should be care-
fully considered when designing scaffolds for nerve repair. 

 In addition to adult neural stem cells, adult MSCs are also used in neural tissue 
engineering.  MSCs   can be easily harvested; therefore, they are a rich autologous 
cell source for this application. When undergoing stimulation by environment or 
chemical cues,    MSCs are capable of trans-differentiating into neuronal phenotypes. 
For instance, Tohill et al. found  that   MSCs can give rise to glial differentiation when 
stimulated by glial growth factor. Following  transplantation of   MSCs into a 1 cm 
neural conduit for a rat sciatic nerve, MSCs without any growth factor stimulation 
started to express glial cell markers, indicating that MSC  glial differentiation   can be 
induced by local cytokines and growth factors in vivo. Additionally, some reports 
illustrated that MSCs have anti-infl ammatory capabilities, promoting axonal exten-
sion, as well as improving functional recovery after spinal cord injury and stroke 
(Hofstetter et al.  2002 ; Cho et al.  2009 ).    

7.2.1.4     Induced Pluripotent Stem Cell 

    iPSCs      can be derived from differentiated somatic cells by reprogramming a limited 
number of genes (Oct3/4, Sox2, c-Myc and Klf4, or Oct3/4, Sox2, Nanog and 
Lin28) (Park et al.  2008 ; Takahashi and Yamanaka  2006 ; Yu et al.  2007 ). There are 
many  advantages   which render iPSCs a valuable cell source for neural tissue engi-
neering: (a) unlimited expansion potential; (b) easily bypassing immune rejection; 
(c) no ethical issues. Wang et al. applied iPSCs to derive neural crest stem cells for 
neural tissue engineering (Wang et al.  2011a ). They found that the derived cells can 
differentiate into mesodermal and ectodermal lineages, including neural cells 
(Fig.  7.3 ). Then they seeded the cells into nanofi brous tubular scaffolds and 
implanted scaffolds into transected sciatic nerves in a rat model. The scaffolds 
enabled to promote axonal myelination and accelerate neural regeneration. In 
another study performed by Uemura et al., functional recovery was observed when 
iPSCs were combined with a nerve conduit to bridge a 5 mm mouse sciatic nerve 
gap. In their study, neurospheres derived from mouse iPSCs were seeded on nerve 
conduits showing signifi cant recovery of sensory and motor function when com-
pared to nerve conduits alone. Although great progress has been obtained using 
iPSCs as a neural regeneration cell source, the issue of non-uniformed differentia-
tion to the cell type of interest needs to be further evaluated and addressed.   

7.2.2         Glial Cells 

    Glial cells      comprise the largest population of cells in the brain, which play an essen-
tial role in the nervous system as illustrated by their diverse function.  Glial cells   can 
be classifi ed as microglia which are located in the CNS and macroglia which exist 
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in both the CNS and PNS (Doetsch  2003 ).  Microglia   are derived from hematopoi-
etic stem cells and play an important role in infl ammation associated with damage 
(Welberg  2014 ).  Macroglia   are a group of cells within the nervous system mainly 
composed of oligodendrocytes and astrocytes (CNS) and Schwann cells (PNS). 

  Oligodendrocytes      are myelinating cells undergoing a complex progression of pro-
liferation, migration, differentiation, and myelination to eventually form the insulat-
ing sheath of axons (Bradl and Lassmann  2010 ). The sheath facilitates the conduction 
of neuronal impulses along the axon. Star-shaped astrocytes not only provide meta-
bolic and structural support to neurons but also directly contribute to many aspects of 
brain function (Whalley  2014 ). In particular,  astrocytes      are involved in the mainte-
nance of extracellular ion homeostasis and secretion  of   growth factors, cytokines, 
and other extracellular matrix components (Doetsch  2003 ). In addition, they also 
take part in the formation of glial scars and modulate synaptic effi cacy. Schwann 
cells of the  PNS      are primarily responsible for the support and myelination of axons. 
At the injured site, Schwann cells proliferate, facilitate debris elimination, and upreg-
ulate localized secretion of trophic and tropic factors (Rodrı́Guez et al.  2000 ). 

 Considering the importance of glial cells in regulating  nervous system function  , 
the use of tissue engineered scaffolds consisting of nerve guides seeded with iso-
lated glial cells has been widely investigated. Weightman et al. incorporated astro-
cytes, oligodendrocyte precursor cells, and oligodendrocytes within a 3D nanofi brous 
construct and investigated its potential for neural tissue regeneration (Weightman 
et al.  2014 ). They found that highly aligned nanofi bers are capable of inducing 
astrocyte elongation. Strikingly,  oligodendrocyte precursor cells   cultured alone 
upon aligned nanofi bers exhibited limited survival and the absence of elongation, 
while cell survival, elongation, and maturation were observed when cells were 
seeded upon pre-aligned astrocytes. It was hypothesized that multiple glial popula-
tions on oriented 3D  scaffolds   could be an effective option to rebuild glial circuitry 

  Fig. 7.3     iPSCs-derived   neural crest stem cells can be cultured in ether monolayer ( a )–( d ) and 
identifi ed by markers ( a ) nestin, ( b ) AP2, ( c ) p75, and ( d ) HNK1, or fl oating spheres maintained 
uniform expression of markers ( e ) nestin, ( f ) Vimentin, ( g ) HNK1, and ( h ) p75.  Blue  represents 
nuclei. Adapted from Wang et al. ( 2011a )       
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in damaged nerves. When compared to oligodendrocytes and astrocytes, Schwann 
cells are a more popular cell source used in repairing both PNS and CNS injuries. 
Rodrı́guez evaluated the ability of Schwann cells seeded on nerve guides to regener-
ate and reinnervate a 6 mm sciatic nerve gap in a mouse model (Rodrı́Guez et al. 
 2000 ). They isolated  Schwann cells   from pre-degenerated adult sciatic nerves as an 
autologous cell source and cultured cells with nerve constructs prior to 4-month 
implantation. Quicker and greater levels of reinnervation and myelination were 
achieved in the group containing autologous Schwann cell-seeded constructs when 
compared to the group that underwent tubulization alone. In addition to PNS repair, 
research by Olson et al. demonstrated the effectiveness of Schwann cell-seeded 
nerve guidance conduits for CNS regeneration (Olson et al.  2009 ). They found sig-
nifi cantly improved axon regeneration when using Schwann cell-seeded scaffolds to 
bridge transected spinal cord relative to scaffold-only controls.     

7.3     Nanotechnology for Neural Tissue Engineering 

    Nanotechnology      refers to materials with functional organization of 100 nm or less 
in at least one dimension. This unique size feature enables them to interact with 
biological substances at the molecular level, thus holding high potential in biomedi-
cal applications. Advances in nanotechnology have allowed the selection of numer-
ous nanomaterials for neural tissue engineering, which alters the way we approach 
nerve repair. It is expected that nanomaterials are capable of preventing the activity 
of astrocytes, stimulating axon growth as well as restoring synaptic connections 
(Fraczek-Szczypta  2014 ). In this section, we will focus on the application of various 
nanomaterials involved in neural tissue regeneration. In particular, we will discuss 
 carbon-based nanomaterials  , including carbon nanotubes, carbon nanofi bers, and 
graphene, which are currently considered as promising candidates for the regenera-
tion and stimulation of nerve tissue due to their unmatched physical, chemical, and 
biological properties.   

7.3.1     Carbon-Based Nanomaterials 

7.3.1.1     Carbon Nanotubes 

        Carbon   nanotubes (CNTs)       are  hollow      cylinders made by rolling one layer (single- 
walled CNTs, SWCNTs) or several layers (multiple-walled CNTs, MWCNTs) of 
graphene. They can  be   synthesized by a variety of methods, such as chemical vapor 
deposition, electric arc discharge, and laser ablation. Among these techniques, 
 chemical vapor deposition   is most popular due to its simple operation and easily 
achievable processing conditions. CNT thin fi lms directly grow upon a catalyst-
seeded substrate by hydrocarbon gas carrier (Hu et al.  2010 ). Electric arc discharge 
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employs two graphite electrodes under an inert environment of helium or argon. 
When a high level current passes through the electrodes, carbon atoms are evacu-
ated from the positive electrode and deposited upon the negative electrode resulting 
in the  formation   of CNTs on the cathode (Ajayan  1999 ). Laser ablation was intro-
duced to produce CNTs by Guo et al. in 1995 (Guo et al.  1995 ). In this method, a 
 heated graphite target   was ablated by a powerful laser to allow carbon evaporation 
on the target. Then, the carbon atoms are swept to a cold copper collector where 
they are condensed into nanotubes. 

 CNTs have been extensively investigated in the design and fabrication of nano-
structured neural scaffolds by virtue of their excellent mechanical, electrical, and 
biological properties. With regard to mechanical properties, CNTs have shown 
extraordinary mechanical strength because the covalent bond between carbon atoms 
in CNTs is known to be extremely strong (Falvo et al.  1997 ). The  electrical proper-
ties   of CNTs are determined by geometric parameters, including diameter and chiral 
angle (Dai  2002 ).  SWCNTs   can be classifi ed as metals or semiconductors, while 
 MWCNTs   only exhibit metallic behavior. Their extraordinary electrical properties 
are expected to contribute to signal transformation in neural interface; therefore, 
numerous attempts targeting neural tissue regeneration have been explored based on 
CNTs. Both SWCNTs and MWCNTs attracted great interest as potential scaffolds 
for restoring interconnections between neurons. Mattson et al., for the fi rst time, 
reported the application on MWCNTs for neural tissue engineering (Mattson et al. 
 2000 ). When embryonic rat-brain neurons were cultured on unmodifi ed nanotubes, 
limited neurite extension and branching was observed. In contrast, bioactive mole-
cule 4-hydroxynonenal-coated nanotubes supported greater neurite outgrowth and 
extensive branching, indicating that CNTs could be suitable substrates for neural 
cell growth. 

 Jan et al. prepared layer-by-layer assembled  SWCNTs      and polyelectrolyte sub-
strates and investigated mouse embryonic neural stem cell growth and differentia-
tion (Jan and Kotov  2007 ). The  biocompatibility of SWCNTs   is comparable to that 
of poly-L-ornithine which is one of the most popularly used growth substrates for 
neural stem cells. Also, it was demonstrated that neural stem cells were enabled to 
give rise to neurons, astrocytes, and oligodendrocytes with well-defi ned neurite for-
mation on a SWCNT-based substrate. 

 Although great progress has been made with regard to CNTs’ biomedical appli-
cation, clinical trials are still limited due to cytotoxicity reports (Firme Iii and 
Bandaru  2010 ).  Functionalization of CNTs   with chemical or biological cues is one 
possible solution to address this concern (Fig.  7.4 ). The CNTs’  cytotoxicity   can be 
rectifi ed by altering surface charge. Positively, negatively, or neutrally charged 
CNTs can be obtained by covalently conjugating various reactive groups, including 
–NH 2 , –SH, and –COOH. It has been documented that surface charge is able to 
infl uence nerve response, including length, number of neurites, as well as branching 
and number of synaptic connections (Fraczek-Szczypta  2014 ). Hu et al. revealed 
CNTs functionalized to be positively charged were more effective in promoting 
neurite outgrowth and branching when compared with negatively charged CNTs 
(Hu et al.  2005 ). In addition to simple surface modifi cation, CNTs could also be 
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conjugated with biologically relevant molecules for biofunctionalization. During 
biofunctionalization, biological factors of interest, such as growth factors and pep-
tides, may be conjugated to CNTs, which not only solve the problems of cytotoxic-
ity but also improve functionality of the target neural cell(s) (Hwang et al.  2012 ). In 
a report by Gaillard et al., MWCNTs were functionalized by conjugating cell adhe-
sion peptides and the growth of neurons on modifi ed CNTs was investigated 
(Gaillard et al.  2009 ). Results demonstrated RGD-based sequences functionalized 
CNT-aided cell adhesion and neurite outgrowth. Similarly, peptides derived from 
different domains of laminin also simulated neural growth and axon regeneration. 
Additionally, integrin regulation of neural gene expression was also intervened by 
CNTs modifi ed with RGD-containing peptides.    

7.3.1.2        Carbon Nanofi bers 

   Like CNTs,  carbon   nanofi bers (CNFs)     possess   attractive features, but the lower cost 
of fabrication and easier scale-up process make CNFs a more attractive option. 
CNFs can be produced by vapor growth and spinning followed by stabilization and 
carbonization (Kim et al.  2006 ; Tibbetts et al.  2007 ). For  the   preparation of CNFs 

  Fig. 7.4    Schematic illustration of various functionalization processes of  CNTs  . Adapted from 
Hwang et al. ( 2012 )       
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by vapor growth, carbon is fi rst dissolved in metal or alloys as catalysts to form 
metal carbide. Iron, chromium, vanadium, cobalt, and nickel are commonly used 
metal or alloy catalysts, the carbon source generally provided by methane, ethyne, 
ethene, carbon monoxide or synthesis gas (H 2 /CO) at high temperature ranging 
from 700 to 1200 K (Feng et al.  2014 ; De Jong and Geus  2000 ). Finally, CNFs grow 
upon the metal surface via deposition of hydrocarbons dissolved in the catalytic 
particle. Electrospinning approaches to produce CNFs require the use of precursor 
polymer nanofi bers. Popular precursors include polyacrylonitrile, poly(vinyl alco-
hol), polyimides, polybenzimidazol, poly(vinylidene fl uoride), phenolic resin, and 
lignin (Inagaki et al.  2012 ). CNFs form by heating polymer nanofi bers to induce 
carbonization. Properties of the resultant CNFs including morphology, purity, crys-
tallinity, diameters, and porosity are governed by the type of polymer and process-
ing conditions which further infl uence the biological performance of synthesized 
CNFs. McKenzie et al. fi rst reported the adherent preference of astrocyte on carbon 
fi bers with large diameters and low surface energy (McKenzie et al.  2004 ). This 
further demonstrated that the nanostructured CNTs may limit astrocytes functions. 
But positive interaction between neurons and astrocytes was observed with limited 
astrocyte function resulting in decreased glial scare tissue formation.    

7.3.1.3     Graphene 

   Graphene is a single atom layer  of      carbon atoms arranged into a two-dimensional 
honeycomb lattice (Soldano et al.  2010 ).  Extensive research interest in graphene   is 
a result from its exotic properties including a large theoretical specifi c surface area 
(2630 m 2  g −1 ), high electron mobility at room temperature (200,000 cm 2  v −1  s −1 ), 
high Young’s modulus (~1.0 TPa), and thermal and electrical conductivity (Zhu 
et al.  2010 ). Owing to these interesting properties, graphene has shown potential 
applications in a vast majority of areas, including neural tissue engineering. Park 
et al. investigated human neural stem cell behavior when seeded upon graphene 
substrates (Park et al.  2011 ). They found that  nanostructured graphene      can promote 
long-term neural stem cell adhesion and differentiation. More importantly, gra-
phene is able to induce neural stem cell differentiation toward neurons instead of 
glial cells, which is critical and benefi cial toward the overall success of neural 
regeneration. The same result was observed when neural stem cells were cultured 
on  3D graphene   foams (Li et al.  2013 ). When compared to 2D graphene cultures, 
cells grown on 3D graphene foams tend to maintain an active proliferation state. 
Furthermore, phenotype analysis  demonstrated   3D graphene can enhance neural 
stem cell differentiation into neurons. When electrical stimulation was applied, 
good coupling between neural stem cells and 3D graphene was observed. 

 Graphene is robust yet fl exible which allows modifi cation of its carbon backbone 
for improved biocompatibility, solubility, and selectivity (Wang et al.  2011b ). 
Therefore, a variety of graphene-based materials including graphene oxide, reduced 
graphene oxide, and exfoliated graphite have also been investigated for biomedical 
applications. It was found that the  cytotoxicity   of these graphene derivatives exhibit 
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dose, size, and shape dependent responses (Zhang et al.  2013 ). In general, the  bio-
compatibility   of graphene derivatives is superior to other carbon-based materials 
such as CNTs (Yan et al.  2011 ). Lower concentrations and smaller sizes of graphene 
derivatives usually display more favorable biocompatibility. In addition, the surface 
charge also infl uences the biological properties of graphene derivatives. In a study 
performed by Tu et al., graphene oxide was carboxylated and then treated to exhibit 
different surface charges by chemical functionalization with amino- (–NH 2 ), poly- 
m- aminobenzene sulfonic acid- (–PABS), or methoxyl- (–OCH 3 ) terminated func-
tional groups (Tu et al.  2014 ). Their fi ndings suggested positively charged graphene 
oxide to be more benefi cial for neurite outgrowth and branching of primary rat 
hippocampal neurons relative to neutrally, zwitterionic, or negatively charged gra-
phene oxide (Fig.  7.5 ).    

7.3.2         Engineered Nanostructured Neural Scaffolds 

   In addition to nanomaterials  with      nanoscale dimension(s), a majority of tissue engi-
neering strategies have been used in neural tissue engineering whereby conventional 
materials are used in combination with nanomaterials or promoted to display nano-
structures by  nanofabrication techniques  .  Popular   nanofabrication approaches 
involve electrospinning and self-assembly which enable the fabrication of  nanofi -
brous   scaffolds for neural regeneration. These nanofi brous scaffolds have intrinsic 
merits due to the physical similarity of the resultant structure to that of native fi brous 
extracellular matrix (Zhang and Webster  2009 ). Furthermore, bioactive factors 
including peptides, proteins, neurotrophic factors, and even living cells can be 
incorporated into the nanofi bers for synergetic neural repair (Cunha et al.  2011 ). 

7.3.2.1     Electrospinning Nanofi brous Scaffolds 

   Electrospinning is a  simple      and versatile technique for processing polymeric solu-
tions into nanofi bers. More than 100 polymers derived from natural and synthetic 
origins have been electrospun (Burger et al.  2006 ) resulting in fi ber diameters as 
thin as tens of nanometers (Tan et al.  2005 ). Although a lot of parameters such as 
polymer viscosity, working distance, applied voltage, and fl ow rate infl uence the 
electrospinning process, the small size of electrospun fi bers is considered as a result 
of whipping motion that provides a strong axial force (Yarin et al.  2001 ). The whip-
ping instability results from the electrostatic interaction between the charged poly-
mer and external electric fi eld.  Polymer viscosity   should be accurately adjusted to 
withstand the whipping process. Another intriguing  advantage   of electrospinning is 
to have control over fi ber orientation by modifying the collector. For this purpose, a 
rotating mandrel is employed to collect nanofi bers in aligned orientation. In this 
method, the speed of the mandrel must be precisely controlled to mechanically 
stretch and align nanofi bers. Because a higher rotating speed might break the fi bers 
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during deposition, lower speeds will lead to less alignment (Xie et al.  2010 ). In 
addition to this conventional approach, Li et al. developed a new collector to gener-
ate uniaxially aligned nanofi brous arrays (Li et al.  2004 ). As shown in Fig.  7.6 , the 
key of this method is the collector composed of two conductive strips that are 

  Fig. 7.5    Scheme of chemical functionalization of  graphene   to form graphene (GO) –COOH, GO–
OCH 3 , GO–PABS, and GO–NH 2  that exhibit negatively, neutrally, zwitterionic, and positively 
charged surfaces, and optical and immunochemistry staining images of hippocampal neurons grew 
on them for 7 days. Adapted from Tu et al. ( 2014 )       
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separated by an insulating gap. The charged nanofi bers are capable of spanning the 
gap and  producing aligned arrays under electrostatic interactions.

   Due to the ease of manipulation and controllable aligned orientation, electros-
pinning has attracted great interest in various fi elds, especially neural tissue engi-
neering. In general, it is expected that aligned nanofi bers provide better contact for 
neurite outgrowth along the fi ber’s direction, which would benefi t the eventual res-
toration of nerve function. However, in a recent study, Xie et al. found that contact 
cues provided by electrospun nanofi bers are more complicated than only guiding 
neurite elongation (Xie et al.  2014 ). For the fi rst time, they demonstrated that neu-
rites are not only directed by the contact nanofi bers but also project along a direction 
perpendicular to the aligned fi bers (Fig.  7.7 ). This infl uence is related to the density 
of nanofi bers, protein deposition on the scaffold surface, and surface properties of 
the substrate which supports the nanofi bers. This fi nding provides new insight for 
the design of nanofi brous neural scaffolds and construction of neural network.  

7.3.2.2        Self-Assembling Nanofi ber Scaffolds 

   Self-assembly is a process  wherein      components autonomously organize into ordered 
structures without external stimulation. The components can range in size from the 
molecular to planetary scale (George and Bartosz  2002 ). Molecular self-assembly 
involves the specifi c association of molecules via non-covalent interactions such as 
ionic bonds, hydrogen bonds, and van der Waals interactions (Kyle et al.  2009 ). 
This is a very practical strategy for producing ensembles of nanostructures, thereby 

  Fig. 7.6    Scheme of the setup of  electrospinning   with a collector composed of two separate con-
ductive substrates for fabrication of aligned nanofi brous mat       
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offering a novel approach to engineer nanostructured scaffolds for tissue regenera-
tion. Since native extracellular matrix is an environment produced through the self- 
assembly of cell-derived materials, these self-assembling nanostructures hold great 
potential in biological applications. 

  Peptides   are the most investigated self-assembling blocks by virtue of their 
unique biological and self-assembly characteristics.  Self-assembling peptides      also 
have other intriguing properties including a sol–gel transition under physiological 
conditions. In addition, peptide sequences can be modifi ed by conjugating addi-
tional functional motifs to enhance bioactive properties. These advantages of  self- 
assembling      peptide nanofi brous hydrogels make them one of the most popular 
biomaterials for CNS repair. 

 In a report by Iwasaki et al., they injected K2(QL)6K2 self-assembling peptides 
into the lesion epicenter of a bilateral clip compression-induced cervical spinal cord 
injury, combined with simultaneous transplantation of neural stem/progenitor cells 
into the adjacent area (Iwasaki et al.  2014 ). They found that the  self-assembling 
     peptides reduced the volume of cystic cavitation, preserved motor neurons of neural 
stem/progenitor cells, as well as attenuated perilesional infl ammation. In the mean-
time, forelimb neurobehavioral recovery was observed associated with dramatically 
improved forelimb print area and stride length. In addition to spinal cord repair, 
self-assembling peptides have also shown promise for brain regeneration. Cheng 
et al. functionalized self-assembling peptide RADA16 by linking laminin-derived 
IKVAV motif (RADA16-IKVAV) and investigated its potential in brain reconstruc-
tion (Cheng et al.  2013 ). Results demonstrated RADA16-IKVAV enabled to self- 
assembly into nanofi brous hydrogels with similar stiffness to brain tissue. The 
linked IKVAV served as a molecular cue to enable directly encapsulated neural stem 
cell adhesion and promote neuronal differentiation. More importantly, the peptide 
solution could be injected into the brain and immediately form a 3D hydrogel in situ 
to fi ll the injured cavity and eventually improve brain tissue regeneration.        

7.4     Conclusions and Prospects 

 Neural tissue engineering has emerged as an excellent strategy for injured nerve 
repair and functional recovery, with the advantages circumventing limitations of 
traditional autografts. However, despite the great progress made, the source of cells 
remains challenging toward the realization of a successful tissue engineered neural 
graft. Despite the fact that autologous adult stem cells have illustrated robust dif-
ferentiation potential toward neural lineages, their limited life span and/or ethical 
concerns have hampered their application. Future research should focus on develop-
ing alternative, easily accessible, and more effi cient processing of stem cells that 
minimize or eliminate ethical concerns. In this regard, iPSCs obtained from the 
patient’s own cells with greater life span hold great promise to serve as an effective 
cell source for neural tissue engineering. Notwithstanding, issues about chromo-
somal aberrations, incomplete differentiation, and oncogenic potential (Bajpai and 
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  Fig. 7.7    Fluorescence micrographs illustrating the neurite extension was guided to grow along a 
direction perpendicular to the aligned nanofi bers. The  nanofi bers   were collected with different 
time duration: ( a ) 1, ( b ) 2, ( c ) 4, ( d ) 8, ( e ) 15, and ( f ) 30 min, respectively. The  arrow  in ( a ) indi-
cates the direction of aligned nanofi bers which also applies to all other samples. Adapted from Xie 
et al. ( 2014 )       
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Andreadis  2012 ) should be addressed. Another crucial aspect will be controlling 
appropriate glial and neuronal phenotype to better control structural and functional 
repair while inhibiting scar formation. 

 The development of nanomaterials has enhanced the scope of neural scaffold 
fabrication toward the generation of mimetic structures closely matching native 
human extra cellular matrix at the nanometer scale and particularly interacting with 
cells at the molecular level. Despite numerous studies about the interaction between 
nanomaterials and nervous system, in vivo studies remain few and challenging. 
Nanomaterials aimed at promoting cellular function and facilitating neural signal 
reconstruction in vivo will contribute signifi cantly to clinical care and prevention. 
However, although many positive reports exist for the treatment of neural injures 
using nano-based scaffolds, a number of concerns related to toxicity of nanomateri-
als as well as an underdeveloped understanding of the underlying mechanisms that 
nanomaterials infl uence on stimulating neural cells should be better resolved and 
understood.     
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    Chapter 8   
 Brain-Machine Interfaces: Restoring 
and Establishing Communication Channels                     

     Charlie     Rodenkirch    ,     Brian     Schriver    , and     Qi     Wang    

      The idea of a cybernetic organism–a being with both organic and biomechatronic 
parts–is a hallmark of modern science fi ction, with iconic characters such as Darth 
Vader, Robocop, and The Terminator being prime examples. Yet novel medical 
technologies are turning this fi ction into reality, allowing an alternative to treating 
diseased organs and limbs, simply replace them. This image of a new medical revo-
lution, which promises permanent solutions for once unsolvable health problems, 
has inspired a generation of researchers to further the fi eld’s knowledge. 

 This chapter will provide a brief background on some recent progress in the fi eld 
of  brain-machine interfaces (BMIs)  , starting with overviews of select, highly devel-
oped neuroprostheses. In particular, it will discuss how BMIs allow for the creation 
of communication channels between the brain and prosthesis. The chapter high-
lights the communication channel as it presents the greatest diffi culty in seamlessly 
integrating neuroprostheses with their users. To elaborate, the necessary electronic 
peripherals, such as robotic arms and cameras, are now well defi ned, leaving inter-
facing these peripherals with the brain as the current limiting factor in 
performance. 

 The chapter will start by reviewing the simplest efferent  communication chan-
nel  : a one-way connection, which reads from the brain, translates the signal into 
motor intent, and uses the results to control a robotic arm. Next, it will cover affer-
ent communication channels: interfaces which acquire signals from electronic sen-
sory prosthetics, convert these signals into a neural code, and fi nally write them into 
the brain in an attempt to create desired perceptions. Last, it will discuss the estab-
lishment of a communication channel directly between two brains, wherein it is 
necessary to read information from one brain and write it to another. 
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8.1     A Neuroprosthetic Arm 

   The loss of the ability  to      control one’s limbs commonly stems either from complete 
limb amputation or from nerve damage, such as spinal cord injury or brainstem 
stroke, which prevents the brain from communicating with the limb. There are 
nearly two million people living with limb loss in the United States alone, a statistic, 
which is expected to exceed three-and-a-half million by 2050 (Ziegler-Graham 
et al.  2008 ). Although non-lethal, limb loss presents a permanent disability for these 
individuals, often compromising their ability to live independently. Even more indi-
viduals—around six million in the United States—are paralyzed, with completely 
unusable limbs (The Reeve Foundation  2009 ).  Biomechanical engineering   has pro-
vided some solutions, such as mechanical prosthetic arms, for these individuals. 
However, it is apparent that these mechanical solutions could never fully restore the 
dexterity of a natural arm. Whereas a natural arm receives a multitude of signals 
from the brain and decodes them into muscle movements, a mechanical prosthesis 
receives its driving commands from a limited number of muscles, thereby vastly 
constraining its potential as a proper replacement. 

 Decades ago, science fi ction writers were already thinking of a more elegant 
solution, even before the existence of the necessary technology to implement it. 
This solution involved combining a robotic arm with a human body in such a way 
that the fi nal result would mimic the performance of a natural limb. In the 1980s, 
fans of  Star Wars   received a glimpse of how this technology may one day be imple-
mented: after losing his hand in combat, Luke Skywalker has it replaced with a 
robotic hand. Post-procedure, this artifi cial hand works fl awlessly and its perfor-
mance and outer appearance are indistinguishable from his natural hand. Even 
today, such seamless integration remains a dream, a goal toward which many 
researchers are making important steps. 

 The past several decades have seen amazing advancements in robotics, driven by 
mainstream adoption of the technology by the manufacturing industry. Seeing how 
well robotic arms on an assembly line work, one may wonder why a neuroprosthetic 
arm has not already been perfected. The diffi culty stems from the limited under-
standing of the motor system. The neural signal theoretically provides all the 
instructions the arm needs, but from where and how should this signal be read? 
Additionally, once acquired, how can spike trains be translated into precise move-
ments? Finally, how can the robotic arm provide feedback, such as proprioception 
and tactile sensation, to the brain? This section will look at how several research 
groups have approached these problems, and how their groundbreaking results 
helped further advance the fi eld along the path to developing a neuroprosthetic arm.   

8.1.1     Rats Can Control Robotic Arms Using Only Their Minds 

    Although the technology  to         read signals from the brain had existed for many years, 
it wasn’t until the rapid improvement in computer technology during the 1990s that 
researchers were provided with the capability to digitally process these signals. 
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Toward the end of the decade, it became feasible to process, in real time, many sig-
nals simultaneously recorded from multiple neurons. These advancements in  digital 
signal processing   facilitated the creation of a BMI, a direct communication channel 
between the brain and an electronic device. It was hypothesized that by using this 
new interface technology, it would be possible to decode an animal’s desired limb 
movement at any moment (Chapin et al.  1999 ). One of the most commonly used 
laboratory animals, the rat, was chosen as the fi rst animal model on which to test 
this hypothesis. In theory, the hypothesis could be tested by reading and attempting 
to decode neural signals from the primary motor cortex (M1), which neuroscientists 
had long ago identifi ed as a region fundamentally involved in volitional control of 
body movements. However, converting signals from multiple neurons in the M1 
region into quantifi able movement of a robotic arm in a particular direction proves 
to be a complex task. 

 To investigate this hypothesis, multi- electrode   arrays (MEAs)    were implanted 
into M1 and the ventrolateral thalamus of the rats. Initially, the researchers wanted 
to learn what types of signals appear in the motor cortex when a rat moves its fore-
limb (Chapin et al.  1999 ). To record these signals, the rats were water deprived and 
then placed within a behavioral training box, which contained a joystick that the rats 
could manipulate to control a robotic arm to deliver water. Recordings were per-
formed until enough data was collected to allow for the mapping of neural signals 
to the forelimb, and consequently, joystick movements. A diagram of the behavioral 
training box and recorded signals can be seen above in Fig.  8.1 . Sophisticated 
decoding algorithms combining principal component analysis and artifi cial neural 
networks were applied to the neural data to convert spike trains from simultaneously 
recorded neurons into a neuronal population function, which represented the desired 
direction of arm movement. Amazingly, when this decoder was applied to  the    MEA 
  recording in real time and used to direct the robotic arm’s movement, the rats were 
able to control the robotic arm with their minds, without physically manipulating 
the joystick. These results proved the feasibility of a neuroprosthetic arm, if only in 
its most basic sense.   

8.1.2        Monkeys Are Able to Use Neural Interfaces 
to Manipulate Computer Cursors 

    Encouraged by the success of  creating         an interface between a rat’s brain and a 
robotic arm, many labs began to pursue BMI-related research. To further assess the 
feasibility of ultimately using this technology in humans, a more humanistic model 
was necessary. Thus, many labs adopted a primate model as their primary interface- 
testing platform. Not only is the primate’s body and brain much more analogous to 
a humans, their higher intelligence allows researchers to test the interface’s perfor-
mance under more demanding tasks. This provides us a better sense of how well 
these interfaces would function in a human patient performing real-world tasks. 
Also around this time, an  MEA  , commonly referred to as the  Utah array  , was devel-
oped and deemed a large step toward an MEA suitable for human implantation 
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(Maynard et al.  1997 ). When implanted into the motor cortex of monkeys, this array 
allowed for the reliable, simultaneous recording of multiple neurons over many 
months (Serruya et al.  2002 ). 

 One of the fi rst trials in primates involved the implantation of  an   MEA into the 
left dorsal premotor cortex of two owl monkeys (Wessberg et al.  2000 ). Using data 
recorded during the monkeys’ movement of a joystick allowed the researchers to 
create a decoder, which translated neural activity to directional movement. More 
complex nonlinear decoders, such as artifi cial neural networks, were also shown to 
provide adequate decoding. Finally, this research showed that a decoder, which con-
tinuously optimizes its parameters while in use, will have a much higher perfor-
mance than a decoder whose parameters remain static. 

 Another study taught monkeys implanted with  a   Utah array to use a joystick to 
move a computer cursor along a pseudorandom path on the computer screen 
(Serruya et al.  2002 ). A linear fi lter system, constructed using 1 minute of continu-
ous recording and hand tracking data, was then applied as a decoder to determine 
intended cursor position. When applied to subsequent data, this decoder allowed for 
the recovery of hand trajectory. The monkeys were then given the option to use the 
neural interface to directly control the cursor, and were presented with visual feed-
back to close the loop. The monkeys quickly learned how to use the neural interface 

  Fig. 8.1    A rat uses its forearm to manipulate a lever, which controls  a   robotic arm, to bring a water 
reward. During some trials, neural signals from M1, which encode the movements of the rat’s 
forearm, are recorded and used to successfully control the robotic arm. Adopted from Chapin et al. 
 1999  with permission       
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with only visual feedback and no formal training, and, as previously seen in the rat 
model, stopped using the joystick altogether. 

 These initial results were quite promising, showing that a BMI in primates could 
be used to control the position of an object. However, there was still an issue with 
the developed system preventing its use by disabled humans. In all of the previous 
animal models, the decoding algorithm, which translates the neural activity into 
intended limb movement, was created using data recorded while the animals moved 
their working arms. Unfortunately, many parapelegics does not have this capability; 
therefore training data could not be collected. To solve this problem, attempts were 
made to create adaptive decoders, which required no initial training data. It was 
found that if a monkey was given visual feedback, it will be able to learn how to use 
a neural interface which employed an arbitrary decoding scheme (Taylor et al. 
 2002 ). After learning how to manipulate their neural signals to properly fi t this 
decoder, monkeys were able to use the neural interface to guide a digital cursor to 
its target. Further analysis of the resulting data showed that the neurons in the mon-
keys’ motor cortex were actually shifting their tuning functions during the experi-
ment so as to better interface with the decoder. This showed that a closed-loop 
neural interface could induce neural plasticity, allowing for adaptive improvements 
in performance. This suggests that providing the brain feedback from the neuropros-
thetic arm may be just as important as reading information from the motor cortex. 

 Indeed, more recent advancements in decoding schemes support the idea that the 
optimal neural interface for controlling a neuroprosthetic arm may be fundamen-
tally different than the natural interface between the brain and an organic arm. If this 
is true, then research should focus less on replicating natural communication and 
more on establishing a completely new communication protocol. In line with this, it 
was proposed that the decoder’s adaptation and neural adaptation do not need to be 
separated; instead, algorithms that capitalize on using both mechanisms to improve 
communication produce the most robust total systems for neuroprosthetic control 
(Shenoy and Carmena  2014 ). Therefore, a better understanding of the interaction 
between biomimetic designs and both user and decoder adaption could greatly 
improve the quality of motor BMIs (Bensmaia and Miller  2014 ). 

 All the neural interfaces described thus far have used the M1 region as their 
interface site. Due to the multitude of complex motions a hand can perform, it was 
estimated that signals from hundreds of motor cortex neurons would be necessary 
to precisely replicate the natural kinematics of reaching and grasping using a neuro-
prosthetic arm. Although decoding intended limb movement from neural activity in 
M1 was the most straightforward approach, some researchers hypothesized that 
there may be other brain regions whose neural activity might be valuable to consider 
when decoding arm movement intent. Certainly, neuroscientists had already shown 
that many other brain regions encode information related to limb movement. One 
such region is the  parietal reach region (PRR)  , a subregion of the posterior parietal 
cortex. The PRR is located earlier along the sensory-motor pathway than the motor 
cortex, and does not encode movement, but rather the desire to move and movement 
planning information such as the fi nal target toward which the movement is made 
(Shenoy et al.  2003 ). Since trajectory planning is a trivial task for modern robotics, 
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these earlier signals, if decodable, offer different possibilities for neuroprosthetic 
limb control. Maximum likelihood estimation was applied to neural recordings 
from  the   PRR to estimate what reach parameters could be resolved. From these 
recordings, a fi nite-state,  machine-decoding algorithm   was created. This algorithm 
was shown to be effective in determining when an animal is planning to reach and 
in which direction the animal will execute this reach. In addition to the intended 
target of the movements, other higher-level cognitive signals, such as the expected 
magnitude or probability of a reward upon the successful grasp of an object, were 
encoded in neural activity in this region (Musallam et al.  2004 ). This allows an 
interface into  the   PRR to read not only the desire of arm movement but also the 
preferences and motivation of the individual as the movement is carried out. 

 Although much progress had been made, the performance of neural interfaces at 
this time was still too slow and inaccurate to offer a real solution; eye tracking systems, 
which used pupil movement for control, still outperformed the cutting-edge neural 
interfaces. However, it was still widely thought that a direct neural interface, when 
optimally implemented, should be able to outperform these eye tracking systems. As 
researchers continued to look for ways to improve the performance of the neural inter-
face, the dorsal premotor cortex (PMd) was investigated as a possible interface location 
(Santhanam et al.  2006 ). The PMd encodes information about the fi nal target of desired 
arm movement. Instead of decoding every detail of movement necessary to move the 
arm and grasp an object from signals in the motor cortex, the desired object could be 
determined from PMd recordings, and standard robotic arm control algorithms, already 
commonly used in factories, could be easily applied to direct the arm to grasp that 
object. Monkeys with a neural interface in the PMd confi rmed not only that this 
approach worked, but also that motions were executed many times faster than previous 
BMIs (Santhanam et al.  2006 ). Monkeys were then taught to use this interface to type 
on a digital keyboard with a digital cursor and were able to achieve rates of approxi-
mately 15 words per minute, although no works of Shakespeare were reproduced. 

 With neural interfaces and decoding systems becoming more defi ned, research 
continued to move toward preparing the system for real-world tasks. To this end, 
neural interfaces were designed through which monkeys could control two on- 
screen avatar arms. Research using this interface produced surprising results: it was 
found more effective to consider the two avatar limbs together than independently 
when decoding motor cortex signals in predicting movements (Ifft et al.  2013 ). A 
single fi fth-order, unscented  Kalman fi lter  , instead of two independent fi lters and 
cortical networks, was found to allow for faster adaptation in the frontal and parietal 
cortical areas, resulting in better neural interface performance.     

8.1.3     Monkeys Feed Themselves Using Neuroprosthetic Arms 

    Although the studies  discussed         above have shown that neural interfaces worked 
well in the digital world, it was important to consider how well they would perform 
in the physical world. Toward this goal, monkeys were trained to use a neural 
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interface to manipulate a robotic arm. A more complex decoder, which used 
ensemble neural recordings from several brain regions, was able to extract several 
kinematic parameters, such as hand position, velocity, and gripping force (Carmena 
et al.  2003 ). It was found that by recording from these large neuronal ensembles, 
high accuracy arm movements could be resolved. This allowed monkeys to use a 
robotic arm, in conjunction with visual feedback, to perform reach and grasp tasks. 
Continuous use of this BMI led to signifi cant improvements in performance as well 
as functional reorganization in multiple cortical areas. Recent work has further 
confi rmed that cortical adaptation occurs during use of a BMI, which results in 
better performance of the BMI’s decoder (Rouse et al.  2013 ). In fact it has been 
shown that large-scale modifi cations of the cortical network and changes in direc-
tional tuning occur when an implanted monkey learns to profi ciently use its BMI 
(Ganguly et al.  2011 ). 

 The ability to feed oneself is often taken for granted, but for individuals with 
tetraplegia this task is impossible, leading to reduced quality of life and necessitat-
ing daily assistance. Researchers thought that if monkeys could successfully per-
form reach and grasp tasks with a robotic arm and neural interface, perhaps they 
could then use this interface to feed themselves. This may seem like a simple exten-
sion of the previous tasks; however, feeding oneself requires more complex motor 
skills. During the study, the monkeys used a fi ve-degrees-of-freedom robotic arm to 
interact with physical objects. Undeterred by the complexity of their new task, the 
monkeys were able to consistently grasp food placed at arbitrary positions and bring 
it to their mouths (Velliste et al.  2008 ). The results were promising, showing mon-
keys could successfully move the arm in three dimensions as well as open and close 
a gripper at the end of the arm. This suggests that one day humans could use neuro-
prosthetic devices to achieve dexterous functions at near-natural levels.     

8.1.4     The Disabled Are Finally Getting a Hand as Motor 
Neuroprostheses Enter Clinical Trials 

   Today, the cutting edge of neuroprostheses exists within the world of clinical trials, 
and MEAs have been successfully implanted into the  motor      cortices of human 
patients. As research in primates suggested, humans could use associated neural 
signals to control a digital cursor. A  quadriplegic  , who had been paralyzed 3 years 
earlier by a spinal cord injury, was implanted with a neural interface that would 
allow him to manipulate a robotic arm (Hochberg et al.  2006 ). The interface, shown 
in Fig.  8.2 , successfully recorded signals from the M1 region and decoded these 
signals into intended hand motions. The patient used the neural interface and 
decoder to manipulate the movements of a computer cursor, to type e-mails, control 
his television, and play video games. This achievement is quite wonderful when 
considering that the ability to control a cursor is much more meaningful for a human 
than a monkey. Long-term monitoring of these neural interfaces has shown sus-
tained viability, addressing a classic concern with implantation of foreign material 
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(Simeral et al.  2011 ). Several years after implantation, patients have still been able 
to accurately perform cursor point-and-click tasks.

   The last step left toward full implantation of a motor neuroprosthesis was the 
addition of the robotic arm. Following the success of humans using neurally con-
trolled prosthetic devices, researchers began new clinical trials, hoping to help 
patients accomplish even more complex tasks.  Quadriplegics   with neural interfaces 
were shown to be able to control advanced robotic arms and perform reach and 
grasp tasks. It was also found that simple visual feedback worked well toward help-
ing individuals learn to use their new, neurally interfaced robotic arm. Adopted 
from Hochberg et al.  2012  with permission.    

  Fig. 8.2    This small  MEA  , when implanted into the M1 region of paraplegic patients, allows for 
the recording and decoding of the patient’s neural signals into movement intent which can be 
used to control a variety of peripherals, such as robotic arms and computer cursors (Hochberg 
et al.  2006 )       
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8.1.5     Researchers Give the Disabled More than a Hand, 
for Example, an F-35 Fighter Jet 

    The ability to restore  motor         function in disabled individuals provided more than 
enough reason to expand neural interface research. Now that the technology has 
moved beyond its infancy, new and more diverse uses of the interfaces are being 
proposed. One example of an alternative use comes from the University of Pittsburgh’s 
Human Engineering Research Laboratories. In 2012, researchers implanted a neural 
interface into a quadriplegic, and over the course of the next 2 years, she was taught 
to control a robotic arm.  DARPA  , the research branch of the military, was closely 
involved in this project, as many veterans suffer from limb loss or paralysis due to 
combat injuries. Once the patient had mastered the use of the arm,  DARPA   wondered 
what else she might be able to control. One proposal was an F-35 jet, a stealth multi-
role fi ghter only recently introduced into the air force. After an interface was created 
between the patient and a fl ight simulator, the patient could successfully control the 
F-35’s altitude, pitch, and roll purely using her mind (Stockton  2015 )!     

8.1.6     Brain-Controlled Stimulation of Muscles Presents 
an Alternative Pathway to Regaining Mobility 

    Completely replacing  a      damaged arm with a neuroprosthetic arm provides a solu-
tion to almost any type of circumstance preventing individuals from using their 
current arm, particularly for amputees. However, a large subset of handicapped indi-
viduals has lost control of their limbs due to a spinal cord injury. In these instances, 
the limbs remain fully intact and functional, but the damaged spinal cord prevents 
signals from traveling between the brain and the limbs, thereby precluding the indi-
vidual from moving them. In these situations, it is apparent that replacing the healthy 
limb with a neuroprosthetic arm is an unnecessarily drastic approach. Instead, 
recent research has focused on reestablishing the communication channel between 
the brain and the healthy organic limb (Moritz et al.  2008 ). 

 As previously outlined in this chapter, BMIs can convert brain signals from the 
motor cortex into a desired movement of a robotic arm. It was proposed that perhaps 
these same, recorded signals could be used to control a healthy, organic limb. 
 Functional electrical stimulation (FES)   of the muscles was used to achieve this goal 
(Moritz et al.  2008 ). Electrically stimulating muscles in the arm causes them to 
contract, much as they would in response to an innervating nerve fi ring. The feasi-
bility of restoring the communication channel between the brain and healthy limb, 
while bypassing the damaged spinal cord, was tested in a monkey model. Not only 
did these trials show that neuronal activity could be translated into muscle move-
ment via a BMI-to-FES interface, it was also found that the monkeys were able to 
quickly adapt their neural signals so as to better utilize the new communication 
channel. Specifi cally, it was not necessary to match neurons with the same muscles 
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they were associated with prior to the injury. This shows the monkeys were able to 
quickly learn the new mapping between the neurons and the muscles connected to 
the FES system, and adapt their neural activity to be able to best utilize these new 
connections. 

 Clinical trials have shown that FES can be used in patients with tetraplegia to 
regain control of hand movement. These trials use residual, proximal limb move-
ments to trigger a preprogrammed hand grasp induced by an FES system (Keith et al. 
 1989 ). Due to the inability to perform any unique grasping gestures besides those that 
are preprogrammed, this system does not allow for nuanced or precise grasping 
motions, thereby limiting its usefulness. To remedy this problem, it was proposed 
that a BMI could be used to translate neuron signals into FES stimulation of muscles 
in the hand, allowing for the return of more natural grasping ability. This idea was 
tested in a primate model, where a BMI recording from 100 motor cortex neurons 
was used to control an FES system implanted in a primate’s hand (Ethier et al.  2012 ). 
To train the interface, both the motor cortex neurons and their corresponding muscles 
within the hand and forearm were recorded while the primate performed a task which 
involved picking up a rubber ball and placing it at a target location. Once the different 
neural activity patterns had been mapped to corresponding muscle contractions, the 
primate’s forearms and hands were temporarily  paralyzed by a peripheral nerve block 
in the elbow. The primates were then asked to perform the same task again, but this 
time they could only move their hand and forearm using an FES system controlled by 
their neural interface. Using this system, the primates were able to grasp and move 
the ball reliably with movements that seemed natural to a casual observer.      

8.2     A Somatosensory Neuroprosthesis 

   We’ve already covered, in depth,       how BMIs can be used to control the motion of a 
robotic arm. However, besides allowing mechanical interaction with the environ-
ment, natural limbs serve another purpose, providing somatosensory feedback. 
 Somatosensory feedback   includes feedback from a wide variety of receptors, which 
encode senses such as nociception, proprioception, mechanoreception, and thermo-
ception. The addition of somatosensory feedback has the potential to make the neu-
roprosthetic arm feel as it if is the patient’s own, natural limb. Even more importantly, 
effi cient, natural limb movement is better achieved by using a closed-loop neuropros-
thetic arm, thereby necessitating implementation of an artifi cial afferent system.   

8.2.1     Adding Feedback to Neuroprosthetic Arms Is a Touching 
Story 

   As sensory and motor  systems      are inextricably linked, somatosensory feedback is 
essential in motor control. Removing or blocking sensory feedback via anesthetics 
or lesions dramatically impairs motor abilities in otherwise healthy subjects. 
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 Proprioception  , or the ability to sense the relative position of body parts and the 
forces needed to maintain or move them, has been found to be essential in move-
ment planning, especially during complex tasks (Sainburg et al.  1995 ). Expectedly, 
when deprived of any sense of  mechanoreception  , commonly referred to as the 
sense of touch, a human’s ability to interact with or even hold objects correctly goes 
awry (Monzee et al.  2003 ), and inactivation of the primary somatosensory cortex 
(S1), the brain area responsible for processing and relaying somatosensory informa-
tion, results in severe loss of coordination and exaggerated movements in monkeys 
(Brochier et al.  1999 ). 

 While touch and  proprioception   are the most necessary senses for proper limb 
control, they are by no means the only senses that provide valuable feedback. While 
other senses, such as temperature and pain, are less critical to movement, a full 
gamut of senses is necessary to make neuroprosthetic limbs feel like a natural body 
part. Multiple robotic hands have been developed toward this purpose, with the lat-
est models incorporating numerous sensors for encoding a broad range of 
 information including measures of joint angle, tendon tension, temperature, vibra-
tion, and skin deformation (Hellman et al.  2015 ). These robotic hands employ 
numerous, novel techniques to produce these senses. For instance, one design 
employs a conductive liquid chamber enclosed between a synthetic elastomeric skin 
and an electrode array-covered artifi cial fi nger skeleton (Su et al.  2012 ). Hydraulic 
pressure measured and encoded by the electrode array provides a more natural, even 
sense of touch when pressure is applied to the hand. Other design features include 
an artifi cial fi ngerprint imprinted onto the skin, which allows a user to gauge surface 
texture by measuring the vibrations created by the friction between the fi ngerprint 
and the surface. Unfortunately, current neural interfaces cannot yet take advantage 
of these cutting-edge peripherals, and therefore the peripherals have not been tested 
in clinical trials. The fi rst problem with providing somatosensory feedback is deter-
mining how to convert the signals collected from the sensors within the neuropros-
thetic arm to a neural code, which can be understood by the brain. The second 
problem is fi nding the best brain location and stimulation techniques to effectively 
deliver this neural code.    

8.2.2     Electrical Stimulation of the Primary Somatosensory 
Cortex Provides a Substitute for Natural Tactile Stimuli 

     The well-known  cortical            homunculus—a pictorial representation of the anatomi-
cal divisions of the M1 and S1 brain regions—was created using electrical stimu-
lation to map each region, and provides the fi rst example of artifi cial somatosensory 
perception (Penfi eld  1937 ). It was later demonstrated that focal stimulation of the 
cortical surface resulted in specifi c, localized tactile sensations on corresponding 
body parts (Rasmussen and Penfi eld  1947 ). It was not until the 1990s that a semi-
nal work showed that  intracortical microstimulation (ICMS)      pulses delivered to 
S1 would result in tactile sensations that were indistinguishable from the sensa-
tions evoked by tactile stimuli applied to monkeys’ fi ngers (Romo et al.  1998 ). 
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Monkeys were trained to discriminate the difference in frequencies between 
mechanical vibrations sequentially applied to their fi ngertips. On random trials, 
ICMS were delivered to S1 in place of the second mechanical stimuli. It was 
found that the animals were able to reliably determine the frequency change 
regardless of whether the second stimulus was mechanically delivered or simu-
lated via ICMS stimulation. This was the fi rst experiment to systematically show 
that animals could not distinguish between natural and ICMS induced sensations, 
thereby demonstrating the capability of ICMS for delivering varying somatosen-
sory percepts (Romo et al.  1998 ). Several years later, it was shown that a rat’s 
movements could be remotely controlled, similar to how a radio-controlled toy 
car is steered (Talwar et al.  2002 ). This was accomplished by implanting elec-
trodes into the barrel cortex, allowing for the delivery of signals, which the rat 
would perceive as a whisker defl ection. The rat was then outfi tted with a backpack 
containing the necessary electronics to wirelessly control the stimulation deliv-
ered to these electrodes. Using this system, “Robo-Rats” were successfully guided 
by stimulating the barrel cortex in different hemispheres. These infl uential works 
solidifi ed the idea that ICMS could be used to write meaningful somatosensory 
information to the brain. 

 To minimize mental load during use, and to decrease the necessary training 
time, the ideal somatosensory neuroprosthesis would deliver sensations similar, 
if not identical, to those delivered via afferent neurons from a healthy limb. In 
practice, this would require the conversion of signals from multiple sensors into 
their representative pattern of neural activation, and their delivery to the correct 
brain regions using ICMS. Unfortunately, due to the current limited understand-
ing of the somatosensory system, this biomimetic approach remains a chal-
lenge. Instead, most current systems rely on brain plasticity, which allows 
patients to adaptively learn and recognize the new input signals (Bensmaia and 
Miller  2014 ). 

 In order to construct a somatosensory neuroprosthesis, parameters for inducing 
these sensations via ICMS must be established. Work from several groups demon-
strated that rats were an acceptable model for ICMS testing, as head-fi xed rats 
could readily detect ICMS delivered to the barrel cortex (Bari et al.  2013 ). 
Moreover, it was shown that it was possible to convince rats of the presence of 
virtual objects in their environment by using ICMS to deliver a sensation that 
matches that of object- detecting whisking, a rat’s method of sweeping its whiskers 
to explore its environment (Venkatraman and Carmena  2011 ; O’Connor et al. 
 2013 ). Applying computer-simulated models to neural data recorded during 
behavioral tasks, researchers have begun to map certain neural activity patterns 
with specifi c sensory features. With this, researchers have shown that perceived 
intensity is primarily attributed to spatiotemporal integration of action potentials. 
For example, increased amplitude may be linked to increased size of the fi ring 
neuronal population, while increased frequency may be linked to greater fi ring 
rates (Fridman et al.  2010 ).      
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8.2.3     Closing the Sensorimotor Loop Allows for more 
Naturalistic Control of Neuroprostheses 

     As stated in the section on  neuroprosthetic      arms, a primate model is often neces-
sary to prepare a design for human implantation. This is also true when considering 
a somatosensory neuroprosthesis. To create a primate model, researchers fi rst suc-
cessfully trained monkeys to discriminate spatial and temporal patterns of ICMS 
delivered to S1 (Fitzsimmons et al.  2007 ). Subsequently, it was shown that the 
delivery of these same ICMS patterns could be used to instruct a monkey about 
where to move a BMI-controlled computer cursor (O’Doherty et al.  2009 ). In 
another experiment, multiple somatosensory features, including contact location, 
pressure, and timing, were conveyed to monkeys through ICMS of the S1 region 
(Tabot et al.  2013 ). Monkeys were fi rst trained to discriminate between mechanical 
stimuli differing in location and pressure, which were sequentially delivered to 
their palms. When the mechanical stimuli were randomly replaced with ICMS of 
S1, the monkeys were still able to properly gauge the target location and pressure 
of the ICMS-simulated stimuli. This resulted in the monkeys showing equivalent 
task performance with mechanical and artifi cial stimuli. The group was also able to 
mimic on- and off-responses associated with fi rst and last contact with object, 
respectively. This mimicry was achieved by delivering phasic ICMS at the onset 
and offset of contact, while using tonic ICMS during contact to encode varying 
pressure and location. 

 A groundbreaking study was recently completed, which showcased the success-
ful development of the fi rst closed-loop, sensorimotor neuroprosthesis (O’Doherty 
et al.  2011 ). The system, outlined in Fig.  8.3 , coupled a BMI, which allowed a 
monkey to move an on-screen cursor, with a sensorimotor neuroprosthesis, which 
delivered ICMS to the monkey’s S1 so as to evoke the sensation of the texture of 
whatever digital object the cursor was hovering over at any given time. Using these 
two BMIs, monkeys were able to identify a target digital object out of a group of 
digital objects simply by comparing the objects’ corresponding textures, proving 
the feasibility of bidirectional neuroprostheses.

   While most of the research has focused on mechanoreception, proprioception 
remains of great importance to neuroprosthetic limbs. However, proprioception is a 
more complicated sensation than mechanoreception and has proven more diffi cult 
to parameterize due, primarily, to the lack of a well-structured topographic map of 
associated encoding locations in the brain. One group demonstrated that a monkey 
could discriminate between different ICMS patterns delivered to the S1 sub-region, 
3A (an area concerned with proprioception), suggesting proprioception could be 
restored using ICMS (London et al.  2008 ). In a subsequent experiment, S1 activity 
was recorded in monkeys carrying out both active and passive movements to deter-
mine how different proprioception is represented in S1. Neural data were recorded 
while monkeys directed a cursor using a manipulandum that allowed researchers to 
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deliver pulses of force through its handle. The monkeys were then tasked with using 
the direction of these force pulses to determine which movements to make (Zaaimi 
et al.  2013 ). The mechanical forces were then replaced with their representative 
neural activity patterns, delivered to the S1 region by ICMS, which simulated a 
force from the manipulandum. The monkeys were found to treat the ICMS-delivered 
sensation as if it were an actual force through the manipulandum. Though still a 
simplifi ed representation of proprioception, this study opened the door to conveying 
a complicated spectrum of sensations. Other approaches include using an MEA to 
interface with nerve stumps in the remaining section of the limb, instead of with the 
brain, to provide both tactile and proprioceptive feedback (Chapin  2004 ; Horch 
et al.  2011 ). 

 Somatosensory neuroprostheses have only recently been implemented in animal 
models, so it is quite amazing that they have already been introduced into the 
humans as well. However, due to the high-risk nature of electrode implantations, 
initial clinical trials have focused on less invasive means of delivering stimulation to 
the S1 region. One technique utilizes an electrocorticography array along the sur-
face of the cortex to deliver ICMS. Using this system, patients were able to readily 
distinguish the presentation of different stimulation patterns, proving that direct cor-
tical stimulation can offer unique sensory feedback in humans (Johnson et al.  2013 ). 

  Fig. 8.3    A monkey outfi tted with a  BMI   is able to use the interface to move a cursor on screen, 
while simultaneously using a virtual tactile sensation induced by patterned microstimulation of the 
S1 region to distinguish the texture of the object below the cursor. Adopted from O’Doherty et al. 
 2011  with permission       
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 Transcranial focused ultrasound (tFUS)   is another, even less invasive technique, 
which is a promising option for activating S1.  tFUS   has the ability to modulate 
sensory-evoked brain oscillations, thereby enhancing performance on sensory dis-
crimination tasks (Legon et al.  2014 ). Furthermore, tFUS,    targeted at areas corre-
sponding to mechanoreception in the hand, has been shown capable of eliciting 
tactile sensations with precision on the individual-fi nger level (Lee et al.  2015 ). 
These early successes make it likely that future innovative techniques and a further 
understanding of the somatosensory system will lead to somatosensory neuropros-
theses as successful as the auditory and visual neuroprostheses described in the 
following sections.       

8.3     An Auditory Neuroprosthesis 

   Auditory neuroprostheses  are      designed to deliver audio signals to the brain while 
bypassing any damaged peripheries of the auditory pathway. The auditory nervous 
system is well defi ned, and there are many options along its pathway for a viable 
interface location.  Cochlear implants   (a type of auditory neuroprosthesis) represent 
the most widely adopted and commercially successful neuroprostheses.  Implantable 
models   are capable of restoring useful auditory perception to the 360 million indi-
viduals suffering from disabling hearing loss worldwide (Olusanya et al.  2014 ). 
Although communication with the cochlea is not direct communication with the 
brain, for completeness and given the commercial success of cochlear implants, this 
section will briefl y review their history and development, before moving on to dis-
cuss auditory neuroprostheses that interface directly with the brain.   

8.3.1     The Cochlear Implant Emerges as the First 
Commercially Successful Neuroprosthesis 

    Initial attempts at  improving         hearing using  electronic stimulation   began as early as 
1748 when it was found that the hearing of a deafened woman could be improved 
by applying an electric potential across her temples using a Leyden jar, a rudimen-
tal type of battery (Wilson  1752 ). This concept remained untouched until 1930, 
when recordings from the cochlear nerves of cats showed that the nerve encoded 
both the frequency and amplitude of speech waveforms (Wever and Bray  1930 ). 
As hearing loss is commonly caused by damaged hair cells within the ear, it was 
proposed that one could bypass these damaged cells and interface directly with the 
healthy cochlear nerve. A couple decades later, it was confi rmed that stimulating 
the cochlear nerve of a human patient caused that patient to perceive a noise 
(Gisselson  1950 ). 
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 The fi rst instance of a deaf human’s hearing being augmented by an intra- 
auricular implanted electrode was unplanned. While performing a surgery to treat 
 cholesteatoma  , a destructive growth within the middle ear, doctors implanted an 
electrical stimulation device within the cholesteatoma in the hopes that they could 
use electric current to treat it (Djourno et al.  1957 ). Due to the location of  the   cho-
lesteatoma, the implantation location of the stimulation device was in close proxim-
ity to the internal auditory canal. Upon activation of the stimulation device, it was 
found that the patient had some of his hearing restored. Later, this was understood 
to be due to the stimulation device activating acoustic nerve fi bers in the patient’s 
inner ear (Djourno and Eyries  1957 ). These accidental fi ndings encouraged otolo-
gists to begin designing a cochlear implant for hearing restoration. The fi rst models 
of such a device were single-channel interfaces, which electrically stimulated the 
acoustic nerve fi bers. Due to their simplicity, these cochlear implants allowed their 
users to hear rhythms of speech but not to recognize the words being spoken (House 
and Owens  1973 ). However, the return of any hearing—no matter how distorted—
was trailblazing, and unveiled the potential of a cochlear implant. 

 Many of the improvements made to the initial cochlear implant stemmed from 
research which provided an in-depth understanding of how the inner ear’s shape 
affects sound processing. One particularly important achievement was the demon-
stration that external sound is transduced into a traveling wave within the cochlea 
(Békésy  1928 ; Olson et al.  2012 ). The interface between the electronic stimulator 
and auditory receptors was also better defi ned to allow for optimal excitation 
(Davis  1968 ; Kiang and Moxon  1972 ). Another breakthrough came when research-
ers discovered that hair cells within the cochlea respond to unique frequencies, and 
that their corresponding cochlear nerves encoded those frequencies (Evans  1975 ). 
Current devices capitalize on this frequency specifi city by splitting audio signals 
into their frequency components and then feeding these individual frequency com-
ponents to their corresponding sections of the cochlear nerve. A six-channel elec-
trode array served as the fi rst multichannel implant to successfully transmit 
multiple frequency components to multiple nerve sites (Simmons et al.  1965 ). The 
basic design principles of these early devices remain the mainstay of modern 
cochlear implants.     

8.3.2     Competition Within the Commercial Market Improves 
the Cochlear Implant 

    Once the performance of  the         cochlear implant had been proven in an academic set-
ting, the device soon began to attract the attention of commercial investors, with the 
fi rst patent for a multi-electrode cochlear implant submitted in 1977 (Chourard 
 1977 ). Production of the patented device was entrusted to the  French company 
Bertin  . The fact that this company held the patent until 1999 infl uenced the develop-
ment of the cochlear implant by forcing competitors to try alternative designs. 
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One example of such an idea was using only specifi c, high-frequency bands, which 
were known to convey acoustic information important for speech processing. These 
innovative ideas led competitors to ultimately surpass Bertin, leading the company 
to abandon the fi eld. 

 Around this time, the company Cochlear Limited entered the scene, producing a 
multi-electrode cochlear implant (Clark et al.  1979 ). This implant—FDA approved 
in 1984—was the fi rst successful, commercialized, multichannel cochlear implant. 
Concurrent research led to the development of the fi rst microelectronic, multichan-
nel cochlear implant (Hochmair et al.  1979 ) which lead to the formation of another 
cochlear neuroprosthetics company, Med-EL, in 1982. In 1993, an additional pro-
duction company, Advanced Bionics, joined the competition to create the perfect 
auditory neuroprosthesis. 

 The market’s competition generated a large push for increased cochlear implant 
performance. At this time, it was thought that improving the electrode array  interface 
offered the best hope for improving signal clarity and transmission. The fi rst devices 
used a single conduit implanted into the cochlea with multiple electrode channels 
located along its length. This system was championed by companies like Cochlear 
Limited and was shown to allow for speech discrimination by a previously deaf 
individual (Michelson and Schindler  1981 ). However, it was also shown that mul-
tiple wire arrays inserted into the scala tympani of the cochlea offered higher per-
formance by offering more channels and more options for the spatial placement of 
those channels (Clark and Tong  1982 ). This led all three companies to focus on 
increasing the amount of channels, postulating that more channels would allow for 
a higher-fi delity encoding of audio into neural signals. 

 However, researchers quickly found that further increasing the number of chan-
nels led to decreasing returns. This is due to the fact that the electrode array is not 
in direct contact with the cochlear nerve, but is separated from the nerve by the 
boney, medial wall of the cochlea. This small fl uid fi lled space between the elec-
trodes and the cochlear nerve causes the electrode’s current to spread. An increased 
density of electrodes corresponds with a decreased distance between neighboring 
electrodes, and at a certain density current spread will cause interference between 
the signals of these electrodes. Present research looks to overcome this issue by 
focusing on the design of new electrodes and implantation surgeries, which would 
allow for the insertion of the array directly into the nerve trunk in the modiolus of 
the cochlea (Middlebrooks and Snyder  2008 ). If successful, these arrays could make 
it possible for more electrodes to yield higher spectral and temporal resolution, 
without signal corruption due to current leak (Middlebrooks and Snyder  2010 ). 
Another attempt, referred to as current fi eld focusing, seeks to reduce the effects of 
current spread with current fi elds that sum spatially in a predefi ned, benefi cial man-
ner. Therefore, instead of focusing on the current emitted directly from the elec-
trode, and allowing the overlapping current regions to be sources of noise, 
overlapping current fi elds are used to create a three-dimensional electric fi eld, which 
correctly targets sites along the cochlear nerve (Srinivasan et al.  2010 ). 

 Beyond the interfacing electrode array, other aspects of cochlear implants have 
also been improved. In particular, the shift from using an analog audio processing 
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system to a discrete digital one has allowed for devices to present far more complex 
patterns to their electrodes. Instead of presenting continuous analog waveforms 
simultaneously to all electrodes, devices can employ a discrete interleaved sampling 
strategy, which presents brief pulses to each electrode in non-overlapping sequences 
(Wilson et al.  1991 ). Using this advanced audio processing, it was found that by 
extracting temporal envelopes of speech information from a limited number of 
broad frequency bands, higher performance could be achieved. This is because 
these envelopes can be designed to modulate noises of the same bandwidths, thus 
preserving the temporal envelope cues in each band. These band-limited temporal 
envelopes can then be non-simultaneously delivered to the electrodes (Shannon 
et al.  1995 ; Galvin et al.  2015 ). 

 Although cochlear implant performance may seem nearly optimal—especially 
as compared to other sensory neuroprostheses—there are still areas of the design 
that can be improved upon. For example, cochlear implants still perform poorly 
when faced with “the  cocktail party problem,” a   problem describing any auditory 
situation analogous to that of an individual that must distinguish the voice of their 
conversation partner from the plethora of voices at a cocktail party. To combat this 
issue, effi cient techniques to bolster signal-to-noise ratio during times of high back-
ground noise are still highly sought after (Carroll et al.  2011 ). Another defi ciency in 
cochlear neuroprostheses is their lack of tone perception when listening to music 
(McDermott  2004 ; Peng et al.  2004 ). Techniques such as bilateral implantation (van 
Hoesel et al.  1993 ; Laske et al.  2009 ) and the use of cochlear implants in combina-
tion with hearing aids for low-frequency amplifi cation attempt to alleviate these 
issues (Francart and McDermott  2013 ).     

8.3.3     Interfaces in the Cochlear Nucleus or Inferior Colliculus 
Deliver Audio Signals Directly to the Brain 

    Many separate  research         groups have taken steps toward developing auditory neuro-
prostheses that directly interface with the brain. This is, in part, because many indi-
viduals lack a functioning cochlear nerve, rendering a cochlear implant useless and 
necessitating an interface location further along the pathway. The next potential 
interface site along the auditory pathway is the cochlear nucleus, which exists 
within the dorsolateral side of the brainstem and receives direct input from the 
cochlear nerve. Since demonstration of this site as a successful interface (Edgerton 
et al.  1982 ), several multichannel systems implanted into patients’ cochlear nuclei 
were developed and carried through clinical trials (Nevison et al.  2002 ). Stimulating 
electrodes within the cochlear nucleus are able to successfully transfer auditory 
information; however, this information is not well received and decoded by the 
cochlear nucleus, making it diffi cult for patients to comprehend speech without 
concurrent lip-reading (Otto et al.  2002 ). While, as before, this may be due to distor-
tion from overlapping electrical fi elds, it is also likely that the neurons encoding 
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high frequencies, typical of normal conversation, are located below the surface of 
the brainstem and are therefore not easily accessible or well stimulated by the sur-
face electrodes (Shannon et al.  1993 ). 

 In an attempt to reach these inaccessible neurons, an auditory,  brainstem implant   
was designed which used surface electrodes in conjunction with electrodes that pen-
etrate a couple millimeters into the cochlear nucleus. While this new electrode array 
improved some aspects of performance, overall speech understanding did not sig-
nifi cantly increase (Otto et al.  2008 ). One confounding variable in the initial studies 
of these implants was that nearly all of the patients who qualifi ed for clinical trials 
had lost their hearing from  neurofi bromatosis type II (NF2)  , a disease characterized 
by tumorigenesis along the auditory pathway between the inner ear and the brain-
stem. After restricting testing to patients  without   NF2, greater levels of speech com-
prehension than with a cochlear implant were found, as expected (Colletti et al. 
 2009 ). While this suggested  that   NF2 renders the cochlear nucleus a poor interface 
site, some studies have shown that improved surgical approach and procedure may 
allow for the cochlear nucleus implant to deliver better speech recognition in 
patients  with   NF2 (Behr et al.  2007 ). 

 Researchers are also working on additional, possible interface sites, such as the 
higher-level inferior colliculus within the auditory midbrain. An electrode array was 
successfully implanted into the midbrain of six patients, but unfortunately yielded 
unsatisfactory results in speech recognition (Lim et al.  2007 ). That said, these mid-
brain implants will continue to be developed and improved as they offer the only 
option for patients with damage to lower sites along the auditory pathway, such as 
the cochlear nucleus. More importantly, even small successes in restoration of 
speech recognition are still helpful as they provide sound awareness and discrimina-
tion to support lip-reading.      

8.4     A Visual Neuroprosthesis 

   Worldwide approximately 285 million are visually impaired, worldwide, and 
another 40 million people are blind (Pascolini and Mariotti  2012 ). Early medical 
treatment centered on drugs which only slowed the onset of blindness, leaving no 
options for those who had already lost their vision. In light of this obvious need for 
an effective solution, researchers have become very interested in designing an 
implantable, visual neuroprosthesis that reproduces natural functionality. 
Approaches to the creation of such a device vary, but the underlying goal is the 
same: convey visual information about the user’s surroundings in an intuitive man-
ner. To accomplish this, the implanted visual neuroprosthesis must capture the 
incoming light, process it into a representative signal compatible with the neural 
region it interfaces with, and convey the signal to the targeted region through pat-
terned electrical microstimulation. 

 Possible interface locations are limited by the status of the patient’s visual sys-
tem, as the location must be intact and healthy. Highly studied stimulation targets 
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include the retina, optic nerve, and visual cortex. Each of these locations encode the 
visual signal differently, necessitating uniquely encoded input signals, which leads 
to different locations performing better in different qualitative review tasks such as 
contrast, brightness, edge detection, and depth of vision. Device design is also 
dependent on the process of translating light into an electrical signal, which dictates 
the bandwidth and type of available information that will be processed and transmit-
ted through the rest of the system.   

8.4.1     Interfaces in the Visual Cortex Deliver Visual Signals 
Directly to the Brain 

   Shockingly, just like  the      auditory neuroprosthesis, the fi rst iteration of a visual neu-
roprosthesis came as early as 1748, when it was shown that a voltage potential 
across the eyes of a blind patient caused him to perceive a fl ame passing in front of 
his eyes (Leroy  1755 ). Signifi cant advancement would not come again until the 
1920s when the capacity to induce visual percepts via electrical stimulation of the 
 occipital cortex   was formally shown (Culver  1929 ). Then, in 1968, the fi rst success-
ful implantation of an electronic stimulation device into the visual cortex took place 
when a pair of doctors connected an array of radio receivers to electrodes implanted 
in the occipital pole of the right hemisphere of a blind patient (Brindley and Lewin 
 1968 ). Certain radio signals were found to cause the patient to experience sensa-
tions of fl ashes of light, known as phosphenes. Even more promising was the 
amount of distinguishable phosphene patterns they could produce: the patient was 
able to resolve the difference between stimulation from electrodes placed only a 
couple millimeters apart from one another. 

 The effectiveness of this solution for patients who were blind for a long period of 
time was still unproven, and researchers worried that such patients’ visual pathway 
may degenerate and become unresponsive to stimulus (Brindley et al.  1972 ). 
However, further studies showed that implanted electrodes allowed for successful 
production of phosphenes in individuals who were blind for many years (Dobelle 
et al.  1974 ). In 1978, a team of researchers implanted a square array of platinum 
electrodes on the surface of a patient’s primary visual cortex. At the turn of the cen-
tury, after two decades of monitoring this patient and tweaking their interface, the 
group published their research, unveiling the fi rst visual neuroprosthesis capable of 
restoring vision by feeding a processed digital signal from a digital video camera 
into the visual cortex (Dobelle  2000 ). 

 The initial success of this device encouraged many other researchers to pursue 
the idea of a visual neuroprosthesis. At the same time, it also set an archetypical 
design for future devices. A  CCD array  , similar to those found in simple black and 
white cameras, was mounted to glasses and used to capture incoming light and con-
vert it into a digital signal, which was sent to a small processing unit worn in a belt- 
pack, which converted the image into its representative neural signal. The output 
from the processing unit was then sent to a microcontroller, which delivered stimu-
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lation to electrodes in the visual cortex via a percutaneous pedestal. It was found 
that by delivering certain stimulation patterns, this system could produce phosphene- 
based images. Researchers also hypothesized that they could interface with other 
cortical locations in addition to the occipital lobes, allowing for greater information 
transfer and increased resolution (Dobelle  2000 ). 

 It is interesting to consider what these phosphene-based images may look like to 
a patient. Currently, it is though that they may look similar to simple, low-resolution 
images produced by the large light bulbs in older stadium scoreboards. Continued 
implantations of these visual neuroprosthesis were associated with high success 
rates and limited negative effects. After implantation, patients took only 10 days of 
training to become comfortable with the system and quickly progressed to routine, 
high performance on common eyesight tests, such as letter recognition and fi nger 
counting. The users were even able to achieve visual acuity scores of around 20/400 
on standardized eye tests (Dobelle  2000 ). From these results, it was evident that 
visual neuroprostheses could dramatically improve quality of life and provide recip-
ients with independence, including the ability to navigate alone (Dobelle  2000 ). 
Even more impressively, one of the implanted patients would go on to demonstrate 
that he could drive a car using only the visual data provided by the implant (Naumann 
 2012 ). In addition to spatial navigation tasks, it was found that the camera interface 
could be adapted to allow the user to watch television and control their computer. 

 Although  Dobelle’s project   was kept secret, others were concurrently expanding 
research in this fi eld. One group, in particular, had shown the feasibility of using 
 ICMS   to deliver high-resolution visual percepts by utilizing higher-density, pene-
trating  MEAs   with reduced power requirements (Schmidt et al.  1996 ). Using this 
concept, a rival visual neuroprosthesis was developed, which is now in clinical trials 
(Srivastava et al.  2009 ). This new system is very similar to Dobelle’s but with several 
dramatic improvements (Lane et al.  2011 ). Instead of using fl at, surface electrodes, 
a custom intracortical array of penetrating electrodes was created. The small foot-
print of this array permits for numerous arrays to be implanted into a patient’s occip-
ital lobe, allowing for as many as one thousand unique intracortical stimulation sites. 
It is hoped that this increase in spatial resolution of stimulation would allow for 
effective transmission of higher resolution images. To increase the feasibility of this 
approach, a wireless telemetry system was developed, which uses a subminiature, 
autonomous, wireless stimulator module to communicate with the electrode arrays 
and power them wirelessly (Rush and Troyk  2012 ). In addition to making multiple, 
autonomous arrays possible, this system will prove crucial in promoting the devel-
opment of devices that employ intracortical stimulation techniques, whose early 
safety concerns limited their entrance on the market (Srivastava et al.  2009 ). 

 Although now facing competition from visual neuroprostheses that interface 
with the retina, cortical-based implants still offer many benefi ts. The devices have 
reduced power requirements, more predictable phosphene production with less 
fl icker and blur (Brindley and Lewin  1968 ), and the capability of higher resolution 
with the increased room for electrodes available on the cortex (Nordhausen et al. 
 1996 ). Cortical implants also remain a necessity for those with extensive damage to 
both the retina and optic nerve, thereby preventing the use of a retinal implant.    
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8.4.2     Interfacing with the Retina May Allow for Less Complex 
Encoding of the Visual Signal 

   Retinal implants, which  interface      with the retina of the eye, cannot be considered a 
BMI in the strictest sense, as the retina is actually part of the central nervous system. 
However, the retina offers a promising interface site for visual neuroprosthesis for 
those with diseases solely affecting the eye’s photoreceptor cells. For example, in 
the two million individuals, globally, that face blindness due to retinitis pigmentosa 
(Busskamp et al.  2012 ) and the 50 million that are blind due to age-related macular 
degeneration (Stanton and Wright  2014 ), it is still possible to directly interface with 
the retinal bipolar and ganglion cells. This interface location, at the beginning of the 
visual pathway, allows for minimal preprocessing of the signal by taking advantage 
of the visual system’s own processing circuitry. This inclusion of signifi cant, natural 
processing helps shape the neural response at the visual cortex into a more instinc-
tively familiar pattern, while providing a less invasive option than direct interfacing 
with the visual cortex. 

 The  Argus II retinal implant   manufactured by  Second Sight Medical Products 
(SSMP)   became the fi rst approved retinal implant on the European market, in 2011, 
and in the United States, in 2013. Its predecessor,  the   Argus I, had completed the 
fi rst successful clinical trial of an active epiretinal implant (Humayun et al.  2003 ). 
The design of  the   Argus II used the same image capture and processing scheme as 
seen in previous visual neuroprostheses, differing only with its interface. In the 
Argus II, this interface consists of an extraocular electronic case, attached to the 
temporal region of the skull, which produces and delivers stimulation signals via a 
subcutaneous cable into an intraocular electrode array placed on the epiretinal sur-
face. The array contains a square arrangement of 16 fl at platinum electrodes, allow-
ing for its placement on the epiretinal surface (Piyathaisere et al.  2003 ). Interestingly, 
the design also utilizes the vitreous as a sink for heat dissipation of the device 
(Piyathaisere et al.  2003 ). However, arrays placed in this location were found to 
have diffi culty maintaining prolonged attachment (Majji et al.  1999 ) and necessi-
tated increased image processing to mimic the output of ganglion cells (Becker 
et al.  1999 ). When creating  the   Argus II, an array with 60 electrodes was used to 
allow for higher resolution; after a clinical trial, the device gained FDA approval 
(Humayun et al.  2012 ). Today, more than 80 patients have been implanted with the 
Argus II and Second Sight is working on developing a future model, employing a 
200-electrode array (Fernandes et al.  2012 ). 

 Though the fi rst to gain approval, Second Sight is not the only company to pro-
duce retinal implant-based visual neuroprosthetic systems.  Bionic Vision Australia 
(BVA)   has also been developing two implants. However, instead of implanting the 
electrode array into the epiretinal space, their fi rst system is designed to be implanted 
into the suprachoroidal space, between the sclera and choroid.    BVA believes this 
space offers a safer location for implantation allowing the visual neuroprosthesis to 
work in tandem with preoperative residual vision, increasing acuity. The device is 
undergoing clinical trials using a 22-electrode array,  while   BVA works on  upgrading 
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to a 98-electrode array (Ayton et al.  2014 ). The second  system   BVA is developing 
is a high-acuity epiretinal implant-based device that uses artifi cial diamond elec-
trodes and casing for the implanted chip, replacing the standard platinum and sili-
con hardware (Hadjinicolaou et al.  2012 ). They believe this unique material could 
allow for over a 1000 electrodes in one array, while a model with 256 electrodes has 
already been developed (Smith et al.  2014 ). 

 It is thought that subretinal placement of an implant, between the photoreceptor 
layer and the retinal-pigment epithelium, may allow for normal processing by the 
middle and inner retinal layers. The  subretinal space   may also provide a more stable 
location for array fi xation, allowing for longer-lasting functionality (Chow et al. 
 2004 ). While proximity to the retina is advantageous for many reasons, it provides 
added obstacles such as limited implant space (Volker et al.  2004 ) and increased 
likelihood of thermal injury to the retina. The use of a  photodiode array  , instead of 
a traditional MEA, is another reason some visual neuroprostheses utilize early stage 
interface locations along the visual pathway. A photodiode array takes the entire 
system, including the camera and imaging processing and places it within the 
implantable chip. Light enters the eye and is absorbed by the outer-facing photodi-
odes on the array. These photodiodes are then able to convert this light into an 
electrical current, which is sent through microelectrodes to stimulate the ganglion 
cells. A visual neuroprosthesis company,  Optobionics  , developed and successfully 
implanted a model with 5000 micro-photodiodes, becoming the fi rst company to 
develop a subretinal implant evaluated in clinical trials (Chow et al.  2004 ). The 
initial study implanted the devices into six patients suffering from retinitis pigmen-
tosa. After implantation, all of the subjects reported improved perception of contrast 
and motion detection, sharper resolution, and an increased visual fi eld. However, 
current micro-photodiodes are unable to receive enough incident light from realistic 
environments to generate adequate currents for stimulation of the remaining retinal 
cells (Zrenner  2002 ). To counter this shortcoming, several other groups have devel-
oped designs that incorporate external power sources to amplify the effects of inci-
dent light. Recently, Retina Implant AG developed a chip suitable for subretinal 
implantation, which housed 15,000 independent micro-photodiode-amplifi er- 
electrode elements, which were powered via transdermal current induction. This 
implant underwent clinical testing in nine patients, with most patients reporting 
improvements in light perception, light localization, motion and angular speed 
detection, grating acuity measurement, and visual acuity. Unfortunately, trials were 
eventually put on hold due to repeated failure of the implant (Stingl et al.  2013 ). 

 Much of the development of visual neuroprostheses has centered on improving 
the hardware used to interface with the visual system. While this has yielded good 
results, one must also consider optimizing the code that controls these implants. 
With this thought in mind, researchers have been working on mimicking the natural 
processesing performed by the retina on incoming light. This is important as it is 
thought that incorporation of the retina’s neural code is essential for creating stimu-
lation patterns comprehensible by the visual cortex. Recent research has shown that 
an encoder—designed to convert incoming light into code—that mimics naturally 
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occurring neural signals can be incorporated into the design of visual neuroprosthe-
ses to improve performance. (Nirenberg and Pandarinath  2012 ).     

8.5     A Brain-to-Brain Interface 

  These last few sections  have   showcased the amazing modularity of the brain, which 
allows it to interface with a wide variety of man-made devices ranging from robotic 
arms to sensor arrays. In this context, it is easy to imagine the brain as a computer, 
and these neuroprostheses as connected peripheral devices. Yet today’s computers 
have moved beyond just computer-peripheral interfaces to a new type of interface: 
the worldwide web, a network enabling billions of computers to interface directly. It 
is thus easy to wonder about the possibility of creating a similar network using neu-
ral interfaces, a network of connected brains. Certainly, the technology exists to both 
read and write neural information; but, what would the actual network look like and 
what kind of data transfer could it actually support? Although anything close to a 
network of brains remains solidly within the realm of science fi ction, within the last 
few years researchers have started to lay the groundwork for this concept by creating 
and testing its simplest confi guration: a direct brain-to-brain interface.  

8.5.1     Telepathically Linked Rats Are Able to Cooperatively 
Complete Tasks While in Separate Locations 

   Many variables were  associated      with creating the fi rst brain-to-brain interface, 
including, what information to transmit. In the fi rst proof-of-concept, brain-to-brain 
interface, researchers turned to a familiar neural interface location: the sensorimotor 
brain region in rats. To test the feasibility of this interface, two rats, identifi ed as the 
encoder and decoder, were paired (Pais-Vieira et al.  2013 ). The encoder rat was 
placed in a cage and given a two-alternative-forced-choice task, such as that of 
pressing the correct lever when presented with two options. In one experiment, the 
encoder rat was tasked with choosing a lever based on an LED cue. While the 
encoder rat received this cue and performed the task, sensorimotor information was 
recorded from the rat’s M1 via an MEA. This information was transmitted to the 
decoder rat, where  ICMS   was employed to write the same neural signal into its M1. 
The decoder rat was then given the same selection task, but with  the   ICMS signals 
replacing the LED cue. Amazingly, the transmission of information via the brain-to- 
brain interface allowed the decoder rat to select the correct lever. Finally, feedback 
was introduced so that the encoder rat received additional reward if the decoder rat 
performed well. This created a dyad, with each rat dependent on the other for high 
task performance. The resulting data showed that the rats coordinated, using their 
real-time, brain-to-brain interface to achieve the highest performance and corre-
sponding, highest possible reward rate. 
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 After successfully sending signals between motor regions of two different rats 
using this brain-to-brain interface, the researchers wondered if they could also 
transmit sensory information (Pais-Vieira et al.  2013 ). To test this, a second experi-
ment, very similar to the fi rst, was performed. In this experiment, the encoder rat 
was given a tactile clue to indicate which lever to press. The encoder rat received 
this cue by poking its nose into an aperture, gauging the width of the opening with 
its whiskers, and then choosing the correct lever based on that width. The tactile 
signal produced by the encoder rat’s whiskers when measuring the aperture was 
recorded from the encoder rat’s S1 and transmitted into the decoder rat’s S1. Again, 
it was found that the decoder rat was able to use this transmitted sensory informa-
tion to successfully determine which lever to press.    

8.5.2     An Interspecies Brain-To-Brain Interface Allows 
a Human to Twitch a Rat’s Tail 

   Proof-of-concept of a brain-to- brain    interface   generated excitement about porting 
the technology to human subjects. EEG was selected as a noninvasive method of 
reading neural information and was used in an attempted, interspecies, brain-to- 
brain interface between a human volunteer and anesthetized rat (Yoo et al.  2013 ). 
Steady-state visually evoked potentials were used to identify whether the human 
volunteer was looking at a fl ashing light bar. Researchers then linked these poten-
tials to an MEA within the rat’s motor cortex, causing the rat’s tail to move for each 
time the human viewed the fl ashing bar. This interface achieved a transmission suc-
cess rate of over 90 %, with an approximate, two-second delay in transmission.    

8.5.3     A Brain-to-Brain Interface in Humans Can Be Used 
to Cooperatively Play Video Games or Send Morse Code 

  After solving the problem of reading neural signals nonivasively, the next challenge 
to completing a human brain-to-brain interface was to successfully and noninva-
sively write neural signals. Research suggested that  transcranial magnetic stimula-
tion (TMS)   could be a viable option for this task. TMS uses a magnetic fi eld 
generator to produce small electric currents within a targeted brain region, but is 
limited by poor temporal and spatial resolution. To test the feasibility of  using   TMS 
to create a brain-to-brain interface, an experiment was set up consisting of a human 
encoder wearing an  EEG-based BMI   and a human decoder wearing a TMS-based 
BMI (Rao et al.  2014 ). These two human subjects, connected via the brain-to-brain 
interface, were separated in different rooms and then tasked to play a computer 
game cooperatively. The goal of the game was to identify incoming planes as friend 
or enemy, and then fi re a cannon only at enemy planes. The encoder was able to 
view the game screen and identify the planes, but had no ability to fi re the cannon. 
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The decoder had a button for fi ring the cannon, but no knowledge of when to fi re it. 
When the encoder identifi ed an enemy plane and wished to fi re a rocket, he/she 
would engage in right hand motor imagery. This motor imagery signal could be 
detected through  the   EEG, translated into a signal representing fi nger movement, 
and then transmitted into the receiving individual’s motor cortex, causing his or her 
fi nger to twitch and press the button, therefore fi ring the cannon at a correct time. 
Although performance with the brain-to-brain interface was not perfect, it was still 
statistically signifi cant, with transmission latency of only 650 ms. 

 All aforementioned brain-to-brain interfaces were designed to transfer motor and 
sensory information. Could more abstract information, like words, be transferred? 
To test this theory, a similar EEG-TMS-based brain-to-brain interface was used, 
detailed in Fig.  8.4 . However, instead of monitoring the motor cortex, the EEG 
monitored the encoder’s responses to motor imagery tasks and the TMS stimulated 
the decoder’s occipital cortex, creating a phosphene (Grau et al.  2014 ). On screen, 
the encoder was shown a fl ashing,  Morse code   representation of a word. The brain- 
to- brain interface then transferred this same  Morse code   signal to the decoder by 
delivering a phosphene whenever the EEG registered the encoder seeing a fl ash of 
code. Using this set up, simple words such as “hola” and “ciao” where transmitted 
between individuals in different cities with an error rate of less than 20 %.

   There is no question that the development of these brain-to-brain interfaces is an 
incredible achievement. While many work to transform today’s technologies into 
complex brain networks, others have begun to postulate about the possible dangers 

  Fig. 8.4    A schematic overview shows how information from the motor cortex of one individual 
can be collected using EEG and transmitted to another individual using  TMS  . Using this interface 
and an internet connection, two individuals were able to communicate  simple   Morse code (Grau 
et al.  2014 )       
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of using such technologies. In particular, there is a fear that individual minds could 
be assimilated into a group mind or hive mind (Trimper et al.  2014 ; Hildt  2015 ; 
Kyriazis  2015 ). Although some believe this could usher in an era of higher intelli-
gence (Kyriazis  2015 ), others believe it could eliminate the aspect of individuality 
(Hildt  2015 ). Another issue raised is neural privacy: some are afraid that sensitive 
thoughts could be read and exposed to the public without the thinker’s consent 
(Trimper et al.  2014 ). If and when noninvasive, high-throughput, neural interface 
technologies become commercially feasible, these concerns will undoubtedly need 
to be addressed. However, current neural interfaces pose no immediate ethical dan-
ger and continue to provide us with novel and benefi cial information about the 
brain. For those still concerned that others may be reading their mind, it is widely 
known that a thin layer of tin foil does an excellent job of preventing an EEG signal 
from being acquired.    

8.6     Closing Words 

 The BMIs which were discussed in this chapter serve as some of the pillars behind 
this growing fi eld of medical devices. Beyond the few applications touched on in 
this chapter exist many others, which can be read about in Moxon and Foffani 
( 2015 ). Within the next century, researchers hope to develop a neuroprosthetic arm, 
which allows a user to effortlessly drink a glass of water and feel the glass’ tempera-
ture. In sensory neuroprosthetics, it is hoped that devices can improve so that instead 
of hearing electronic voices or seeing blurry contrast, users can indulge in sympho-
nies and enjoy gazing upon works of art. On the biological side, these achievements 
will necessitate an increased understanding of the circuits of the brain: how they 
encode and process information, and how to best interface with them. On the tech-
nological side, it will require advances in computing power, wireless communica-
tion, electronic sensors, and material sciences. 

 Although this chapter serves only as a brief review of the fi eld of BMIs, it is 
hoped that it piques the reader’s interest. As a growing fi eld, on the cusp of bringing 
many different products to clinical trial, the industry will need many promising 
future scientists and engineers to contribute to the research. Beyond the products 
emerging from academia and being brought to clinical trial, there is another exciting 
expansion in the fi eld of BMIs occurring right now: for the fi rst time, noninvasive 
BMI technologies are available on the open consumer market. Within the last cou-
ple years, brain interface technologies have gone from prohibitively expensive and 
technically challenging to inexpensive plug-and-plays. Now, the public is able to 
order their own EEG recording equipment and use it by simply plugging it into their 
personal computer. For example, the bioinformatics company, Emotiv, produces a 
range of EEG headsets, which it markets to the general public. The availability of 
this equipment, coupled with the current generation’s love of technology and pas-
sion for hacking and improving electronic devices, will undoubtedly bring forth 
innovative ideas and exciting new uses for neural interfaces. Already, individuals 
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are using the equipment to play videos games with their minds and track their stress 
levels. It is with much anticipation that the fi eld looks forward to seeing what other 
uses will be discovered.     
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  CNS    Central nervous system   
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  MNs    Motoneurons   
  NMJ    Neuromuscular junction   
  NVU    Neurovascular unit   
  PDMS    Polydimethylsiloxane   
  PEG    Polyethylene glycol   
  PCB    Printed circuit board   
  SAM    Self-assembled monolayers   
  SKM    Skeletal muscles   
  SMA    Spinal muscular atrophy   
  TEER    Trans-endothelial electrical resistance   

9.1         Introduction 

9.1.1     Importance of In Vitro Engineering of Neural System 

   Neural models  are      invaluable for understanding the physiology and pathology of the 
nervous system as well as for developing therapeutic strategies targeting relevant 
injury and diseases. Numerous models have been developed and utilized for the 
nervous system. In general, they are categorized into four classes (Hopkins et al. 
 2015 ): in vivo, ex vivo, in vitro, and in silico. In vivo work typically involves the 
study of primates for cognitive and behavioral neuroscience (Goldman-Rakic  1988 ; 
Ridderinkhof et al.  2004 ), rodents for disease modeling and regenerative/pharma-
cology investigation (Vandamme  2014 ; Swanborg  1995 ) and other vertebrates and 
invertebrates for genetic dissection and disease modeling (Shimohama et al.  2003 ; 
Alexander et al.  2014 ; Markaki and Tavernarakis  2010 ; Pandey and Nichols  2011 ). 
Ex vivo  models   utilize slices of brain/spinal cord tissue which preserves most of the 
2D complexity (Humpel  2015 ; Cho et al.  2007 ; Timme et al.  2014 ). In vitro models 
are cell-based systems which most commonly  involve   culturing cells on modifi ed 
surfaces to reproduce the connections/interactions of neurons. This requires cocul-
ture of multiple components, either in physically connected confi gurations or sepa-
rated in various devices (Millet and Gillette  2012a ; Halldorsson et al.  2015 ; Zweifel 
et al.  2005 ). Increasingly, 3D models are being developed with the incorporation of 
advances in biomaterials (Choi et al.  2014 ; Kim et al.  2015 ; Kaneko and Sankai 
 2014 ). In silico  models   computationally generate predictions based on experimental 
data sets, for example predicting likely pharmacological effects of untested com-
pounds in a specifi c physiological system (Focus on Computational and Systems 
Neuroscience  2011 ; Brette et al.  2007 ; Welberg  2009 ). This review will focus on 
in vitro modeling of a subset of components of the central nervous system (CNS) 
and peripheral nervous system (PNS) portions of the nervous system and its ulti-
mate integration with other organ systems.  
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9.1.2     Major Neural Systems that Have Been 
Engineered In Vitro 

  Traditional   in vitro models have revealed extensive information about many neural 
cell types. This information includes biological markers for each cell type; basic 
electrophysiological properties; cell attachment properties for adhesion and migra-
tion; axonal guidance mechanisms; spontaneous network formation; essential fac-
tors for viability, regeneration, and functionality; and essential molecules (soluble 
and insoluble) for synaptic targeting. Prevalent research topics in the fi eld of in vitro 
neural modeling include neurobiology of nerve regeneration, repair, myelination, 
extracellular matrix (ECM) modifi cation, and target identifi cation (Marquardt and 
S.E. Sakiyama-Elbert  2013 ); modeling brain circuits for measuring signal transduc-
tion and processing (Timme et al.  2014 ; Spira and Hai  2013 ) (e.g., functional cir-
cuits for long-term potentiation (LTP) (Liu et al.  2012 ; Liu et al.  2013 ), reward 
system modeling (Russo and Nestler  2013 ), and spinal motor circuits (Goulding 
 2009 ; Catela et al.  2015 )); and in vitro models of the blood–brain barrier (BBB) 
(Naik and Cucullo  2012 ) and drug delivery to the CNS (Pardridge  2002 ). 

 To meet the  technological demands   required for these in vitro nervous system 
models, the development of interdisciplinary technologies has been a major research 
focus. Some of the more notable technological areas that have been employed 
include brain-device interfaces and surface technologies (Aregueta-Robles et al. 
 2014 ; Helmke and Minerick  2006 ; El-Ali et al.  2006 ; Cooke et al.  2008 ; Edwards 
et al.  2013 ); biomaterials such as synthetic extracellular matrices (Maclean et al. 
 2016 ; Tibbitt and Anseth  2009 ; Theocharidis et al.  2014 ); cell sources, particularly 
from stem cells (Merkle Florian and K. Eggan  2013 ); microfl uidic systems (Bhatia 
and Ingber  2014 ; Harink et al.  2013 ; Barata et al.  2015 ); and biomedical or biologi-
cal microelectromechanical systems (Bio-MEMS). This chapter will focus on the 
in vitro modeling of the refl ex arc.     

9.2     Establishment of In Vitro Biologically Based 
Neural Models 

9.2.1     Cell Sources for Neural Engineering 

    Primary cells   : Originally,    primary neurons and glia from animals were the major 
cell sources for developing in vitro models. Primary neurons from various species 
have been utilized, with the rodent as the most popular source for neural culture 
(Chen et al.  2013 ; Hollenbeck and Bamburg  2003 ). By integrating advances in 
genetics, primary neurons with various genetic modifi cations have become avail-
able to model the nervous system with genetic defects, providing a powerful tool for 
understanding basic biology, neurological diseases, and therapeutic investigation 
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(Dawson et al.  2010 ; McGoldrick et al.  2013 ; Philips and Rothstein  2015 ; Serikawa 
et al.  2015 ). The main disadvantages of using primary cultures are that procurement 
of these cells relies on the sacrifi ce of animals (Levy  2012 ), and the species gap 
between animals and humans presents a substantial hurdle for translating the fi nd-
ings to clinical usage (Sterneckert et al.  2014 ). While primary human neurons elimi-
nate the species gap, it is next to impossible to consistently access primary human 
neurons. Although some studies tried to recover neural elements from postmortem 
human tissues, most of the cells recovered from cadavers were stem cells or prolif-
erative cells with non-neuronal properties (Wolozin et al.  1992 ; Schwartz et al. 
 2003 ; Valente et al.  2014 ). 

   Cell lines   : Since mature neurons are nonproliferative and thus cannot be expanded 
to make them widely available, multiple secondary cell lines have been derived 
from neuronal tumors and have become immortalized. For example, NG108-15, a 
hybrid of mouse neuroblastoma and rat glioma, and the human neuroblastoma cell 
line SH-SY5Y have been utilized in various in vitro neurological research investiga-
tions (Xie et al.  2010 ; Tojima et al.  2000 ). Cell lines have the advantage of being 
easy to grow in cell culture to generate unlimited cell numbers and have limited 
variability. The availability of cell lines also provides an opportunity to work with 
human-derived cells. The primary disadvantage of cell lines is that these cells often 
cannot fully reproduce the physiological or functional properties of their source 
cells. Therefore, these cell lines are often induced to display a more specifi c pheno-
type via additional manipulations, such as gene transfection or the addition of spe-
cifi c trophic factors in the culture (Doležal et al.  2001 ; Duhr et al.  2014 ; Dwane 
et al.  2013 ; Karra and Dahm  2010 ). 

   Stem cells   : Due to the increasing demand for human-based in vitro systems in trans-
lational studies, primary cell cultures and transformed cell lines are far from suffi -
cient. Fortunately, current stem cell research now provides a potentially unlimited 
source for generating specifi c and fully functional human cells. Advantages of stem 
cells are that they can self-renew, implying an infi nite cell source, and that they are 
pluri/multipotent, implying the potential of generating various cell types with mature 
phenotypes as in vivo. Depending on the source, stem cells are categorized into adult 
stem cells (ASC), embryonic stem cells (ESCs), and induced pluripotent stem cells 
(iPSCs).  ESCs   are isolated from primordial germ cells (Shamblott et al.  1998 ) or the 
inner cell mass of blastocysts (Thomson et al.  1998 ). ASCs,    tissue- specifi c stem cells 
present in developmental stages beyond the embryo, can only give rise to progenies 
restricted to the tissue of origin (Fortier  2005 ).  IPSCs   are generated by extracellular 
or intracellular induction as described below. Both ESCs and iPSCs are pluripotent, 
where they have the potential of differentiating into all somatic cell types as well as 
germ cells when injected into a blastocyst, and form mature progeny of all three 
embryonic germ layers in vitro. All of these stem cell types have been utilized for 
in vitro modeling and investigation of the nervous system (NS), especially for the 
human NS (Johnson et al.  2007 ; Sharp et al.  2010 ; Abranches et al.  2009 ; Selvaraj 
et al.  2012 ; Hunsberger et al.  2015 ; Guo et al.  2010a ; Davis et al.  2012 ). As for limita-
tions of stem cell utilization, ethical issues may be the biggest hurdle (Lo and Parham 
 2009 ). Any work performed with ESCs, especially the isolation of  ESCs  , must be 
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done under strict regulation (Klitzman  2010 ; Robertson  2001 ).  ASCs   are typically 
easier to work with, though availability depends on the tissue source. Working  with 
  iPSCs has even more fl exibility since the source is usually skin, blood, or other easily 
accessible adult tissues. 

   iPSCs  (Yamanaka  2012 ; Hu et al.  2010 ):  The   development and maturation of iPSC 
technology provides a novel source for NS research, especially for disease model-
ing. This technology theoretically can generate pluripotent stem cells similar to 
ESCs from  any  adult or terminally differentiated cell. The reprogramming is accom-
plished through nuclear transfer or employment of master transcription factors 
through virus-mediated gene transfer, with or without integration, or even nonviral 
reprogramming (Malik and M.S. Rao  2013 ). Despite some concerns about iPSCs, 
such as aberrations in their epigenetic landscape, gene expression array, and differ-
entiation potential compared to ESCs and even induced genomic mutation load (Hu 
et al.  2010 ; Bilic and Belmonte  2012 ), they have been faithful in giving rise to many 
types of cells after differentiation. Examples include motoneurons (Guo et al.  2010a ; 
Li et al.  2005 ), midbrain dopamine neurons (Kim  2002 ; Schulz et al.  2004 ; Perrier 
et al.  2004 ), cortical neurons (Nat  2011 ; Shi et al.  2012 ), sensory neurons (Pomp 
et al.  2005 ; Brokhman et al.  2008 ), oligodendrocytes (Davis et al.  2012 ; Nistor et al. 
 2005 ), and astrocytes (Davies et al.  2011 ; Emdad et al.  2012 ). Even the differentia-
tion of blood–brain barrier (BBB) components such as pericytes, brain endothelial 
cells, and smooth muscle cells have been performed (Chaudhury et al.  2012 ; Dore-
Duffy  2008 ; Dore-Duffy et al.  2006 ; Cheung and Sinha  2011 ). 

 To recapitulate human diseases in vitro, several stem cell technologies have been 
developed or are emerging. Currently, the most prosperous approach is through 
patient-derived iPSCs. Neurons differentiated from these iPSCs have recapitulated 
phenotypes of not only monogenic diseases but also late-onset polygenic diseases, 
such as Parkinson’s disease (Sánchez-Danés et al.  2012 ), Alzheimer’s disease (Israel 
et al.  2012 ), Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia 
(FTD) (Lee and Huang  2015 ), Schizophrenia (Brennand et al.  2011 ), and autism 
spectrum disorder (Kim et al.  2014 ).  ESCs   are also being investigated for disease 
modeling but are not as promising as iPSCs, primarily due to their limited accessi-
bility and ethical considerations (Sterneckert et al.  2014 ; Song et al.  2010 ; Halevy 
and Urbach  2014 ). Another technology that is triggering increased interest is genome 
editing, which can precisely change the genome sequence at a desired location 
(Sander and Joung  2014 ; Ran et al.  2013 ), allowing for the creation of desired muta-
tions in iPSC lines or ESCs. The advantage of this approach is the generation of 
isogenic pairs of control and mutant cell lines, which eliminates genetic variations 
during mutant analysis. However, the major drawbacks are low effi ciency and the 
diffi culty of generating homozygous mutations. In general, stem cell technology 
holds great promise for generating nervous system models for pathological studies, 
therapeutic screening, and autologous transplantation (Sterneckert et al.  2014 ).  

  The    media    for nervous system cultures have also undergone dramatic progression 
toward more physiologically relevant conditions. Original systems nearly universally 
included serum (Walsh et al.  2005 ). However, serum introduces undesirable and unac-
countable variability because it contains a large number of undefi ned biomolecules 
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such as growth factors, hormones, RNA, antibodies, and other biological molecules, 
which vary from source to source. To produce defi ned media, more and more serum-
free media systems have been developed (Brewer  1995 ; Brewer et al.  2008 ; Guo et al. 
 2011 ). These defi ned systems have higher reproducibility and are easier to analyze, 
which is essential for their application in either drug or biological screenings. There 
are two major approaches to defi ned media development. The fi rst is the specifi cation 
of media for individual neurobiological systems in order to recapitulate the system’s 
in vivo properties or functions. The other approach is the development of common 
media for the coculture of multiple cellular types to reproduce the in vivo complexity 
and to study interactions among the systems.   

9.2.2     In Vitro Engineering of the Refl ex Arc 

9.2.2.1     Overview of the Refl ex Arc 

   The refl ex arc refers to a  circular      neural pathway that controls refl ex actions, and can 
involve the autonomous (inner organs) or somatic (skeletal muscles) systems, and is 
the interface between the PNS and CNS systems. It consists of the sensation path-
way that carries the signals from sensory organs to the spinal cord, the motor path-
way that transmits commands from motoneurons (MNs) to effector organs, and the 
connection between sensory neurons and motoneurons in the spinal cord. Minimally, 
four types of cells are required to form a simplistic somatic refl ex arc (monosynap-
tic): sensory neuron, motoneuron, and extrafusal and intrafusal skeletal muscle 
fi bers. In some cases, interneurons are involved to modulate the communication of 
sensory neurons and motoneurons, which would form a polysynaptic refl ex arc. 

 The refl ex arc has been a popular model system for studying neural regulation 
and circuit modulation, due to its high accessibility, relative simplicity compared to 
other neural circuits, and clinical importance. The monosynaptic circuit’s cellular 
components have a clearly defi ned identity and function and consequently, this cir-
cuit has also been the focus of numerous neural modeling and computation investi-
gations (Kawato  1999 ; Guo et al.  2012 ). However, the most important reason for 
interest in the refl ex arc is that many diseases and injuries are associated with this 
system. Compared to other circuits of the CNS, which are protected by the BBB, the 
peripheral components of the refl ex arc are more susceptible to insults such as trau-
matic injury (Fernandez-Valle et al.  1995 ), infection, toxin exposure, metabolic 
abnormalities, immune system disorders, cancer, and chemotherapy (Sheikh and 
Amato  2010 ). Particularly, in the motoneuron disease  amyotrophic lateral sclerosis 
(ALS)  , where about 90 % of the incidences are caused by nongenetic or unidentifi ed 
reasons, no cure has been identifi ed for this lethal condition (Swarup and Julien 
 2011 ). In addition, spinal cord dysfunction, predominantly from sports injuries and 
car accidents, mostly disables lower motor circuit function due to disruption of the 
refl ex arc. Therefore, the refl ex arc represents a signifi cant system for studying neu-
ral function defi cits and is a primary target for understanding disease and for inves-
tigating spinal cord repair treatments. 

X. Guo et al.



267

 To develop in vitro refl ex arc models, a number of studies have focused on the 
efferent pathway: innervation of skeletal muscles (SKM) by motoneurons (MN-SKM) 
and subsequent neuromuscular junction (NMJ) formation (Guo et al.  2011 ; Das et al. 
 2010 ; Guo et al.  2010b ), due to this pathway’s essential role in motor diseases, spinal 
cord injuries, and synapse modeling. Fewer studies have been conducted on the 
afferent sensory pathway (Rumsey et al.  2009 ; Rumsey et al.  2010 ) with very few on 
the sensory neuron to MN connection (Guo et al.  2012 ). Also of importance, myelin-
ation models have been developed by employing MNs or sensory neurons cocultured 
with Schwann cells or Oligodendrocytes (Rumsey et al.  2009 ; Davis et al.  2014 ).    

9.2.2.2     In Vitro Models of the Neuromuscular Junction 

   The  vertebrate    Neuromuscular Junction (NMJ)   is a highly specialized biochemical 
synapse whose function is to transmit action potentials at a 1:1 ratio from motoneu-
rons to skeletal muscle, leading to muscle contractile activity (Tintignac et al.  2015 ). 
The NMJ is the primary route for the control and regulation of skeletal muscle activ-
ity by the central nervous system. The key components of a functional NMJ consists 
of (a) the presynaptic motor nerve terminal, (b) the 50–80 nm wide gap between the 
nerve ending and muscle known as the synaptic cleft, and (c) the post-synaptic 
muscle membrane directly under the motor axon terminal in the form of a motor end 
plate. Normally in vivo, this terminal is capped by three to fi ve specialized glia 
known as terminal Schwann cells. 

 Dysfunction of the NMJ usually results in the weakening of muscle or paralysis, 
which can be induced by both traumatic injuries and many diseases. NMJ function 
is directly affected by genetic disorders such as congenital myasthenic syndromes 
(CMS) (Hughes et al.  2006 ) and Charcot-Marie-Tooth disease; autoimmune dis-
eases such as myasthenia gravis and Lambert-Eaton myasthenic syndrome (Engel 
et al.  2003 ; Punga and Ruegg  2012 ); and by various forms of poisoning such as 
botulism. The loss of presynaptic input due to the death of motoneurons is another 
leading cause of neuromuscular diseases such as spinal muscular atrophy (SMA) 
and ALS (Tintignac et al.  2015 ). The importance of the NMJ as a therapeutic target 
has been highlighted by the fi nding that MNs’ survival in ALS is not suffi cient to 
slow down the degradation of NMJs and progression of the disease (Gould et al. 
 2006 ; Chipman et al.  2014 ). This suggests that NMJ function rather than MN viabil-
ity is a more sensitive and crucial marker for ALS diagnosis and treatment than 
motoneuron viability. In vitro NMJ models are in high demand for addressing NMJ- 
related diseases/injuries, for early diagnosis, in therapeutic design and for drug 
screening (Guo et al.  2011 ). 

 The need for high-content screening with in vitro NMJs has long been recog-
nized and addressed by systems involving Xenopus (Lu et al.  1996 ), chick 
(Fischbach  1972 ; Fischbach and Cohen  1973 ), mouse (Harper et al.  2004 ), rat 
(Daniels et al.  2000 ; Dutton et al.  1995 ), and human cells (Guo et al.  2011 ) as well 
as cross-species experiments with mouse MN and chick muscle (Soundararajan 
et al.  2007 ). However, all of these in vitro motoneuron-muscle coculture systems 
use serum containing media and a biological substrate (Fischbach  1972 ; Fischbach 
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and Cohen  1973 ; Daniels et al.  2000 ; Dutton et al.  1995 ; Frank and Fischbach 
 1979 ). As previously mentioned, serum introduces unknown variables and is not 
amenable for reproducible assays. Moreover, serum contains many factors which 
can confound the elucidation of a drug’s effect on single cell analysis or on func-
tional constructs. For example, a report suggested inhibition of full functional 
in vitro development of myelination by serum (Rumsey et al.  2009 ). Thus, a small 
number of serum-free NMJ systems have been developed in an attempt to eliminate 
the inherent variability present with serum (Walsh et al.  2005 ). NMJ formation in 
serum-free media has been demonstrated in rat (Das et al.  2010 ) and cross-species 
between human MN and rat muscle (Guo et al.  2010b ) as well as in human (Guo 
et al.  2011 ; Guo et al.  2010b ). In general, in vitro systems composed of animal- 
derived components have provided the scientifi c community with readily available 
models for understanding NMJ synaptogenesis and NMJ-related diseases. However, 
due to the species gap, there are frequent discrepancies when extrapolating the fi nd-
ings from animals to humans. This discrepancy is especially pronounced for drug 
discovery and toxicology that could lead to clinical applications. 

 Fortunately, dramatic advancements in stem cell biology in recent years provide 
a solution to the problem of translating results from animal models to human sys-
tems. Human MNs have been successfully differentiated in vitro from ESCs (Li 
et al.  2005 ; Li et al.  2008 ), neural progenitors (Guo et al.  2010a ), and iPSCs (Dimos 
et al.  2008 ). In addition, human ESC-derived MNs have been investigated for their 
capability of innervating the murine muscle cell line, C2C12 cells, in a serum- 
containing system (Gajsek et al.  2008 ; Guettier-Sigrist et al.  2000 ; Kobayashi et al. 
 1987 ; Mars et al.  2003 ; Mars et al.  2001 ). MNs derived from human fetal spinal cord 
stem cells successfully formed functional NMJs with rat myotubes derived from 
embryonic skeletal muscles in a defi ned serum-free system (Guo et al.  2010b ). 
Separately, human satellite cells, the ASCs isolated from muscle biopsies, have been 
used extensively for the generation of human muscle myocytes and for the develop-
ment of in vitro NMJ models by combining the ACSs with rat spinal explants or 
dissociated MNs in serum-containing systems (Gajsek et al.  2008 ; Guettier- Sigrist 
et al.  2000 ; Kobayashi et al.  1987 ; Mars et al.  2003 ; Mars et al.  2001 ). A human-
based functional in vitro NMJ system was fi rst reported by the Hybrid Systems 
Laboratory, by the coculture of MNs derived from human spinal cord stem cells and 
skeletal muscle cells derived from human satellite cells. Functional NMJ formation 
was demonstrated by the blockage of muscle contraction by Curare, a blocker of 
acetylcholine receptors (Guo et al.  2011 ). The coculture of hiPSC-derived MNs and 
myotubes has recently been described by (Demestre et al.  2015 ), with potential NMJ 
formation demonstrated by immunocytochemistry (Demestre et al.  2015 ). In order 
to model the early NMJ phenotype of spinal muscular atrophy, patient-derived 
iPSCs were introduced to the coculture with C2C12s by (Yoshida et al.  2015 ). 

 The formation of NMJs in vitro has been typically characterized by two avenues: 
morphological characterization primarily via phase microscopy or immunocyto-
chemistry (Fig.  9.1 ), and functional testing. For functional testing, several approaches 
have been utilized in demonstrating the activity of NMJs in vitro. The fi rst is by 
applying blockers of acetylcholine receptors (AchRs), such as  Curare   and 
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 α-Bungarotoxin  , and demonstrating a resultant decrease in muscle contraction (Guo 
et al.  2011 ). The second is the induction of muscle contraction by exciting MNs with 
the neurotransmitter glutamate (Guo et al.  2010b ; Umbach et al.  2012 ). However, a 
fundamental limitation of the mixed culture is the diffi culty in identifying particular 
 MN-SKM pairs   and therefore the inability to analyze the strength of the synapse. 
Several studies successfully performed dual patch clamp electrophysiology of 
 MN-SKM pairs   in a coculture by dramatically reducing the MN density to the point 
that individual axons could be traced to  identify   MN-SKM pairs (Guo et al.  2010b ; 
Umbach et al.  2012 ). The primary problem with this system is that only very few 
MN-SKM pairs can be analyzed in each culture and the effi ciency is low. Recently, 
compartmentalized Bio-MEMs chambers have been utilized for in vitro NMJ sys-
tems so that the soma of MNs can be physically separated from the SKM, in effect 
modernized Campenot chambers. This physical separation gives more fl exibility in 
enabling the excitation of MNs and the monitoring of subsequent SKM contraction 
(Park et al.  2013 ; Southam et al.  2013 ). The integration of other interdisciplinary 
technologies is currently advancing in vitro NMJ systems with increasing effi ciency 
and content. This topic will be further investigated in Sect.  9.3 .  

9.2.2.3        In Vitro Modeling of Other Components of the Refl ex Arc 

 Three other synaptic connections are important for the function of the intact refl ex 
arc: (a) intrafusal muscle fi ber—sensory neurons, (b) sensory neurons—motoneu-
rons, and (c) γ-MNs—intrafusal muscle fi bers. The majority of muscle tissue is 
composed of extrafusal fi bers, the elongated and multinucleated cells that contract 
and relax in response to MN stimulation. Deep within the muscle tissue are muscle 
spindles that are responsible for the sensory portion of muscle function. Spindles are 
collagen-encapsulated clusters of intrafusal fi bers, containing 1–2 nuclear bag fi bers 
and 5–7 nuclear chain fi bers in each spindle.     Intrafusal muscle fi bers   are innervated 
by both afferent sensory nerve terminals and efferent γ-motor nerve terminals. 
Innervation by sensory nerve terminals is responsible for sending information from 
the muscle to the CNS concerning the muscle length (both static and rate of change) 
and muscle position. Innervation by  γ-MNs      is responsible for controlling the sensi-
tivity of the muscle spindle. The combination of these two intrafusal fi ber- related 
circuits keeps the CNS constantly informed concerning a muscle’s contraction state 
as verifi cation that a motion command from the CNS is being properly accom-
plished. The circuit of a  sensory      neuron—MN connection is responsible for trans-
mitting the information on muscle state generated by the muscle spindle to MNs in 
the spinal cord. For example, in the case of the monosynaptic refl ex arc, elongation 
of the muscle by stretching will fi rst be detected by the muscle spindle, and will then 
be communicated to the CNS neurons in the spinal cord via afferent sensory nerves. 
Synapses onto α-MNs will cause the excitation of these MNs, which then triggers 
contraction of extrafusal muscle fi bers, completing one cycle of excitation of the 
refl ex arc. Meanwhile, sensory inputs synapse onto interneurons that regulate γ-MN 
activity such that the sensitivity of intrafusal muscle fi bers is adjusted to accommo-
date the change of muscle length. 
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  Fig. 9.1    A defi ned system that  supports   human-based NMJ formation. ( a ) and ( b ), Phase images 
demonstrate the mature morphology of generated myotubes and motoneurons. ( c )–( f ) Representative 
patch clamp recording traces from hMNs ( c ) and ( d ) and myotubes ( e ) and ( f ) in the coculture. ( c ) 
and ( e ) demonstrate sodium and potassium currents under voltage clamp. ( d ) and ( f ) demonstrate 
Action potential fi ring(s) under current clamp. ( g ) Co-staining of MHC and β III Tubulin revealed 
intensive connections between axons with myotubes in the coculture. ( h ) Potential synaptic sites 
were indicated by the co-localization of Synaptophysin and BTX (adapted from Guo et al. ( 2011 ))       
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 In vitro modeling of these refl ex arc circuits is not as extensive as for the NMJ 
segment, largely due to the fact that the malfunction of the sensory portion of the 
refl ex arc is not as lethal or serious and thus has lower public visibility. A number of 
advancements in these parts of the circuit have been made recently with the in vitro 
refl ex arc. Intrafusal muscle fi bers have been induced in vitro from rat embryonic 
muscle cells (Rumsey et al.  2008 ), and the establishment of their connection with 
rat sensory neurons from  dorsal root ganglia (DRG)   in a defi ned in vitro system has 
been demonstrated (Rumsey et al.  2010 ). In vitro induction of intrafusal fi bers from 
human myoblasts has also been reported, though by utilizing serum-containing sys-
tem and with a focus on the molecular mechanism of signal transduction (Jacobson 
et al.  2004 ). Hickman’s group has successfully differentiated functional propriocep-
tive sensory neurons from human neural progenitors (Guo et al.  2013 ). The differ-
entiation of human intrafusal muscle fi bers and their connection with human sensory 
neurons is currently under investigation in our laboratory. A serum-free culture sys-
tem has been developed that supports the synaptic connection between rat DRG 
sensory neurons and rat α-motoneurons (Guo et al.  2012 ). Currently, there are no 
in vitro models of γ-MNs—intrafusal muscle fi bers.    

9.3      Interdisciplinary Technologies Utilized for Engineering 
of the Refl ex Arc 

9.3.1     Surface Modifi cation for Directing Neural Circuit 
Formation 

  The earliest attempt to create  systems   to monitor NMJ function were developed by 
Campenot in the 1970s (Campenot  1977 ) and refi ned by Nelson and Fields and other 
researchers in the following decades (Wheeler and Brewer  2010 ; Kleinfeld et al. 
 1988 ; Corey et al.  1996 ; Wheeler et al.  1999 ; Fields et al.  1990 ). Several methods for 
surface modifi cation have also been developed to control the neurite outgrowth of 
neurons so as to direct circuit formation between neurons, or between neurons and 
another cell types such as skeletal muscle. These methods include direct covalent 
attachment of cytophilic and cytophobic molecules to a surface, adsorptive modifi ca-
tion of these molecules, and topographical  patterning/microfl uidic devices. The 
examples discussed here are a small sampling of the literature available on this topic.  

9.3.1.1     Topographical Patterning/Microfl uidic Devices 

   In vitro studies  using      compartmentalized “Campenot”  systems   have long been used 
to investigate axonal biology by separating neuronal cell bodies from their axons 
(Campenot  1977 ; Skaper  2012 ). The past decade has seen the development of 
microfl uidic devices that effi ciently allow spatial and temporal control of cellular 
microenvironments (Taylor et al.  2005 ; Millet and Gillette  2012b ). The advantages 
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of compartmentalized systems when applied to the study of NMJs have recently 
been exploited by several research groups to model the fl uidic isolation of motoneu-
ron cell bodies from skeletal muscle (Park et al.  2013 ; Southam et al.  2013 ) and to 
reveal spatial aspects of GDNF function (Zahavi et al.  2015 ). 

 Topographical methods are typically used to physically guide neuronal axons in 
a particular direction. Shi et al. used  PDMS   microtunnels to isolate axons from the 
cell bodies, and then further used PDMS stamps to print proteins in specifi c pat-
terns. Their results showed axons passing through the microtunnels and following 
specifi c protein patterns depending upon functionality (Shi et al.  2010 ). Claverol- 
Tinture et al. formed  PDMS   microchannels on planar microelectrode arrays and 
coated the channels with poly  L -lysine prior to cell seeding (Claverol-Tinture et al. 
 2005 ). Finally, Millet and Gillette presented a review of current work concerned 
with microfl uidic patterning and the study of neuronal microenvironments and 
development (Millet and Gillette  2012b ).    

9.3.1.2     Direct Chemical Modifi cation of Surfaces 

  Hickman’s group has  made   signifi cant contributions to the fi eld of surface pattern-
ing by utilizing  self-assembled monolayers (SAM)   of silane molecules that contain 
different functional groups (Stenger et al.  1993 ; Ravenscroft et al.  1998 ; Stenger 
et al.  1998 ; Hickman et al.  1994 ). One major type of SAM utilized to encourage cell 
attachment and growth is a monolayer of   N -1(3-(trimethoxysilyl) propyl) diethyl-
enetriamine (DETA)  .   The DETA-modifi ed surface supports neuronal growth as well 
as biological surfaces, if not better (Varghese et al.  2009 ; Das et al.  2003 ), and it has 
been shown to support the growth of both rat and human MNs (Das et al.  2007 ; Das 
et al.  2005 ). Surface patterning is achieved by coating the desired cell growth area 
with cytophilic functional groups such as DETA, interspersed with cytophobic 
functional groups in the area in which cells are undesired. Typically, two types of 
patterns have been employed to generate surface patterns for the development of 
neural circuits. One is the pairing of DETA with cytophobic polyethylene glycol 
(PEG)-functionalized silanes. Specifi cally, the PEG molecules are deposited as a 
blanket layer fi rst and the desired pattern for cell attachment is ablated away by 
exposing the surface to deep UV laser radiation through a quartz mask (Stenger 
et al.  1992 ). The ablation makes the patterned area amenable to further silane modi-
fi cation, and the DETA-functional molecules are back-fi lled onto the ablated regions 
of the surface (Wilson et al.  2011 ). Another pairing for silane surface modifi cation 
is DETA with highly fl uorinated silanes, which work in much the same way as the 
DETA/PEG pair but where the fabrication protocol is reversed. In this pairing, the 
DETA is deposited fi rst, the surface regions to prevent cell attachment are ablated, 
and the fl uorinated silane is back-fi lled onto the surface (Ravenscroft et al.  1998 ; 
Stenger et al.  1998 ; Hickman et al.  1994 ). The demonstrated success of both meth-
ods indicates the usefulness of silane surface chemistry for creating patterned neu-
ronal circuits and other groups have adopted this methodology (Liu et al.  2000 ). 
Examples of the application of this silane-based surface technology in neural 
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engineering include two-cell circuit patterns of hippocampal neurons (Edwards 
et al.  2013 ; Molnar et al.  2007a ) (Fig.  9.2 ) and feed-forward patterns for mimicking 
signal propagation in the nervous system (Natarajan et al.  2013 ) (Fig.  9.3 ). Surface 
engineering approaches to micropattern surfaces for cell culture are reviewed by 
Falconnet et al. ( 2006 ), Ito ( 1999 ), and Ni et al. ( 2009 ).  

     Patterning   has also been achieved with the use of photoresist, functional poly-
mers used to repel cell growth, and UV light (Wheeler and Brewer  2010 ; Kleinfeld 
et al.  1988 ; Corey et al.  1996 ). Wyart et al. coated a glass substrate with a fl uorinated 
silane, applied photoresist, performed conventional photolithography, and ablated 
patterns using water plasma with a photoresist mask. Cells adhered to polylysine 
which was applied after the plasma ablation (Wyart et al.  2002 ). Leclair et al. used 
a photoresist to create fl uorinated regions applied with plasma on glass coverslips, 
and mouse cortical neurons and C2C12 cells were cultured on the clean glass 
regions at the end of the modifi cation process (Leclair et al.  2011 ). Matsuda et al. 
applied a hydrophilic polymer,  N ,  N -dimethyl-acrylamide, to tissue culture dishes 
and used photoresist and UV irradiation to remove sections of the polymer. The 
clear regions were then coated with collagen and cells were cultured onto the col-
lagen (Matsuda et al.  1992 ).   

9.3.1.3     Adsorptive Modifi cation of Surfaces 

  The  method   described in the preceding section involving the use of photoresist is 
often coupled with adsorptive modifi cation of surfaces. Two of the previous exam-
ples included adsorption of proteins after the initial patterning (Wyart et al.  2002 ; 
Matsuda et al.  1992 ). The  cytophobic region   was chemisorbed while the cytophilic 
region was physadsorbed. Two other methods for adsorptive modifi cation include 

  Fig. 9.2    Controlled growth of hippocampal neurons and functional synapse formation on a two- 
cell circuit pattern created by geometric surface manipulation  with   DETA/13F. ( a ) The design of 
the pattern and conformed distribution of embryonic hippocampal neurons on the pattern. ( b ) 
EPSCs were recorded from one of the neurons when stimulating the other neuron, but not vise 
versa, indicating a one-way functional synapse formation on the patterned surface (adapted from 
Molnar et al. ( 2007a ))       
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printing and stamping (Wheeler et al.  1999 ; Branch et al.  1998 ). In these methods, 
it is required that the transferred material, the ink, should stick to the culture surface 
but not the machinery used to transfer the ink. 

 Xu et al. used an HP inkjet printer and a cell suspension solution to print lines 
and circles onto a collagen gel “bio-paper” (Xu et al.  2006 ). The authors noted that 
the cell print exhibited “strong compliance” to the desired pattern. This particular 
example involves direct printing of cells onto a protein-coated surface to create the 
pattern. Additionally, the authors in previous work have also printed proteins such 
as collagen/poly  D -lysine and laminin onto a cell-repulsive surface in order to pat-
tern cells (Roth et al.  2004 ). 

 The process for creating a stamp involves several fabrication steps, including the 
production of molds. Vogt et al. used a photolithographically created mold to con-
struct  polydimethylsiloxane (PDMS) stamps   that were inked with ECM proteins 
and applied to culture dishes. Cells were then grown on the transferred proteins in 
the pattern of the stamp (Vogt et al.  2005 ). Branch et al. formed polyimide layers 
onto glass slides and then reactive ion etched the stamp mold. The authors created 
PDMS stamps using this mold, functionalized the stamps with silanes, and coated 
the stamp with protein for patterning the substrate (Branch et al.  1998 ).    

9.3.2     MEA System for Controlling/Monitoring 
Neuronal Activation 

   The fi eld of Bio- MEMs   (biomedical or biological microelectromechanical systems) 
is another fast-growing area that has already greatly impacted the development of 
in vitro models. One representative Bio-MEMs technology that has driven in vitro 

  Fig. 9.3     Electrophysiological activity   from patterned hippocampal neurons. ( a ) Pattern design, a 
line/gap topology was used to promote neuronal polarity in a feed-forward architecture between 
horizontal layers of soma interconnected by vertical segments. The mask consisted of four 50 μm 
wide lines that were oriented over every other row of electrodes on an MEA to provide a primary 
attachment point for neural soma. Each line contained eight vertical 5 μm wide narrow extensions 
that terminated 10 μm before the next layer in the series to guide neuronal polarity and produce 
directional connectivity proceeding from the bottom layer upward in this feed-forward architec-
ture. ( b ) Phase contrast images of a patterned neuronal network on a Multichannel Systems micro-
electrode array (image is at 7 days in vitro, Electrode distance 200 μm) consisting of cellular 
interconnected layers. ( c ) Sample traces of neuronal fi ring recorded from the MEA electrodes 
demonstrated in ( b ) (( a ) and ( b ) were adapted from Natarajan et al. ( 2013 ))       
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biological neural cultures into high throughput territory is the  microelectrode array 
(MEA)  . The fi rst  miniature microelectrode array to monitor the bioelectric activity 
of cultured cells ’ was reported by Thomas et al. (Thomas et al.  1972 ) and had 30 
platinized gold electrodes of 7 × 7 μm 2  in a 2 by 15 array. The MEA system records 
the electric potential of cells cultured directly on top of the electrodes, which can be 
used to measure the electrical activity of the cells. Since then, a plethora of modifi -
cations and extensions have been devised to improve the recording and stimulation 
quality, the experimental throughput, and the production cost of microelectrode 
arrays (MEAs). MEA improvements are ongoing and include modern Bio-MEMS 
processes, new materials and geometries, intricate surface modifi cations, and alter-
native methods of fabrication. This section will provide a broad overview of the 
latest and most signifi cant developments in MEA technology. 

 The most noticeable improvement in the fi eld is the increase in spatial resolution. 
While the fi rst reported MEA provided 30 electrodes, the latest research indicates 
up to 16,384 electrodes (128 × 128) in one device are possible (Hutzler et al.  2006 ; 
Berdondini et al.  2009 ; Frey et al.  2009 ). Thus, these high-resolution systems can 
collect a tremendous amount of data within seconds and the investigation of vari-
ables and parameters, such as information pathways in random neuronal networks 
or slices, can be a matter of analyzing (video) frames rather than individual traces 
(Ferrea et al.  2012 ). Currently, the data must be analyzed manually after recordings 
are completed, and real-time evaluation of this high-resolution system will require 
software that has yet to be developed. 

 On the other end of the spectrum, long-term investigations with fewer electrodes 
can be used to continuously stimulate neurons and record data, sometimes for 
months at a time, and occasionally directly from within an incubator (Esposti et al. 
 2009 ). There are advantages to having fewer electrodes, such as the ability to trans-
mit the data (sometimes wirelessly) to a dedicated server for real-time analysis 
(Franke et al.  2012 ). In this case, several clients can have access to the data for 
monitoring and further examination (Zordan et al.  2015 ). While the commercial 
MEAs were limited to 60 or at most 64 electrodes for decades, recent developments 
have enabled commercially available MEAs with 128 or 256 electrodes. Many 
 vendors of MEAs as well as the accompanying amplifi cation, stimulation, and 
recording systems offer solutions in which the electrodes are divided into individual 
wells, allowing for a stream-lined investigation of multiple drugs or drug concentra-
tions in parallel experiments (Wallace et al.  2015 ; McConnell et al.  2012 ). 

 Alternative materials and geometries for the individual electrodes in arrays have 
been the most investigated area for MEA improvement, and the variety deserves a 
separate review. However, a small number of advancements are of particular impor-
tance in the framework of this section. The classic electrode materials are gold and 
platinum (Bieberich and Anthony  2004 ). While some research aimed to change the 
geometry of usually planar metal electrodes to utilize pillars, pyramids, “mush-
rooms,, nails, or needles (Huys et al.  2012 ), other investigations experimented with 
entirely different materials to increase the signal-to-noise ratio of recordings and 
impedance for stimulation of attached cells (Brüggemann et al.  2011 ; Motlagh 
 2014 ; Hai and Spira  2012 ). Today, titanium nitride and the transparent indium tin 
oxide are the most abundantly used materials, as they create rough fi lms, which 
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increase the surface area of an electrode for better recording and stimulation (Heer 
et al.  2004 ; Gross et al.  1985 ). A more recently investigated material is carbon in the 
form of nanotubes, graphene, or diamonds and the results are very promising 
(Pagels et al.  2005 ). Another interesting approach is to replace the electrode by 
moving the primary amplifi er to where the electrode once was located, directly 
under the cell culture (Fromherz et al.  1991 ). These fi eld-effect transistor arrays 
have been investigated almost as long as MEAs and have progressed signifi cantly 
since their inception (Offenhäusser et al.  1997 ; Dankerl et al.  2010 ; Livi et al.  2013 ). 
Research on cell stimulation has advanced also and now can be completely indepen-
dent from the electrode layout if target cells are genetically equipped with channel 
rhodopsin (Zhang et al.  2009 ). This light-sensitive ion channel allows for a selective 
stimulation with lasers (optogenetic stimulation). 

 Overall, MEAs are now commercially available from several competing manu-
facturers with different fabrication approaches. Besides conventional clean-rooms in 
larger research facilities, stream-lined  complementary metal-oxide semiconductor 
(CMOS) processes  , widely used in the computer industry, are now employed for 
new MEA designs to reduce cost (Huys et al.  2012 ). Printable MEAs are also now 
available on nearly any surface (Pickard  1979 ). However, some labs are building 
their own hybrid solutions with commercially available parts as well as custom elec-
trode materials, electrode geometries, surface substrates, amplifi er circuits, stimula-
tors, recording systems, and software. The application of MEA technology, combined 
with surface patterning and compartmentalization techniques, potentially could map 
out the surface distribution of MNs and achieve specifi c stimulation of them in an 
in vitro NMJ system, which is one of the major challenges for interrogating NMJ 
function in vitro.    

9.3.3     Cantilever Systems and Their Application in Monitoring 
Muscle Contraction 

    Another Bio- MEMs         technology that advanced quantifi cation of in vitro muscle con-
traction and NMJ function is the cantilever system (Fig.  9.4 ). The formation of 
NMJs between motoneurons and skeletal muscle in vitro has been primarily identi-
fi ed and quantifi ed via immunocytochemistry (Guo et al.  2011 ; Guo et al.  2010b ; 
Southam et al.  2015 ). While co-localization of pre- and post-synaptic markers such 
as SV2 and AchR indicates proximity of the motoneuron synaptic cleft to skeletal 
muscle motor end plates, a functional readout of muscle response to motoneuron 
stimulation provides a defi nitive confi rmation of NMJ formation. However, the 
assessment of in vitro NMJs has been limited to visual inspection, which lacks a 
high degree of accuracy and repeatability, or dual patch clamp electrophysiology, 
which is highly invasive and labor intensive (Li et al.  2015 ; Liou and Wu  2015 ; 
Song and Jin  2015 ). A more simplifi ed system utilizing cantilever arrays to measure 
the physical displacement of the muscle and subsequent force output in response to 
stimuli from motoneurons provides an ideal method for NMJ interrogation (Fig.  9.4 ).
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   In general, these cantilever arrays have varying degrees of form and feasibility of 
readout. Silicon and PDMS-based devices to measure in vitro physiological param-
eters of muscle are the most widely used, including cantilever-based (Wilson et al. 
 2007 ; Shimizu et al.  2009 ; Defranchi et al.  2005 ) and post-based designs 
(Vandenburgh et al.  2008 ; Supinski et al.  2000 ). Each technique possesses inherent 

  Fig. 9.4    Cantilever system for monitoring  NMJ function  . ( a ) Idealized schematic representation 
of the scanning system used to measure cantilever defl ection in response to myotube contraction. 
Controlled movement of the laser and photo detector was used to align the laser beam with the tip 
of each cantilever in turn. ( b ) Composite image of an example of a primary rat myotube cocultured 
with primary rat motoneurons on a cantilever for 13 DIV and immunostained for Myosin Heavy 
Chain ( green ) and β-III Tubulin ( red ). Cantilever edges in this image were added to the image to 
give an indication of their scale in relation to the cultured cells. Scale bar ¼ 100 μm. ( c ) Example 
of a trace recording from a myotube (illustrated in ( b )) stimulated using broad fi eld electrical 
pulses. Top trace ¼ laser defl ection (in Volts) in the  x -axis, indicating lengthwise strain on the 
cantilever. Middle trace ¼ laser defl ection (in Volts) in the  y -axis, indicating torsional strain across 
the cantilever. Bottom trace ¼ indication of the temporal position of electrical pulses used to elicit 
myotube contraction in this system (adapted from Smith et al. ( 2013 ))       
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  Fig. 9.5    Representative traces from analysis of the muscle-motoneuron coculture  cantilever sys-
tem  , demonstrating the functional effects of motoneuron stimulation with and without addition of 
an NMJ blocker. Raw data (in Volts) was converted to a measurement of myotube force (in nano 
Newtons) and replotted. ( a ) Measurement of spontaneous contractions by the cultured myotubes 
without neuronal stimulation. ( b ) Measurement of myotube contraction following neuronal stimu-
lation via the addition of 200 μM glutamate. ( c ) Measurement of myotube contraction following 
glutamate and 12.5 μM curare treatment (adapted from Smith et al. ( 2013 ))       

advantages and limitations in fabrication, ease of measurement, overall cost, and 
capacity to be incorporated into multi-organ culture systems.    PDMS and post-based 
designs are readily and easily fabricated but primarily rely on optical imaging for 
analysis of muscle displacement, which would be diffi cult to accomplish in the 
three-dimensional nature of a multi-organ system. The use of micro-fabricated sili-
con cantilevers enables the assessment of myotube contraction through measure-
ment of cantilever defl ection via a laser and photo-detector system and can be 
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stimulated by either electrical or chemical means (Vandenburgh et al.  2008 ; Duffy 
and Feinberg  2014 ; Neal et al.  2015 ; Vandenburgh et al.  2009 ) (Fig.  9.4 ). In addi-
tion, although being relatively expensive in terms of fabrication cost, silicon-based 
cantilever strategies are noninvasive allowing for the incorporation of recording and 
stimulating electrodes, providing the possibility of integrating MEA technology for 
specifi c MN stimulation while monitoring myofi ber contraction, leading to the 
potential of developing high-content NMJ screening systems. In a representative 
study from the HSL, a rat NMJ culture was integrated with silicon cantilever chips, 
and the function of NMJs was monitored in real time by recording laser beam 
defl ections noninvasively with the MNs were stimulated by glutamate (Smith et al. 
 2013 ) (Figs.  9.4  and  9.5 ). Other advantages of the presented system include: (a) 
allowing for simultaneous monitoring of multiple MN-SKM pairs by periodic scan-
ning though the cantilevers and (b) allowing for measurement of the force of myo-
tube contraction.

   In addition to MEA and cantilever technologies, surface patterning applications 
are also available to promote myotube alignment and fusion (Li et al.  2014 ; Molnar 
et al.  2007b ) and to guide axonal movement. Compartmentalization via a PDMS 
chamber system will allow coculture of multiple cell populations, each with an 
individualized excitation and monitoring capability. Overall, the integration of these 
interdisciplinary technologies with biological NMJ cultures as well as the whole 
refl ex arc components will generate high content models that have important impli-
cations for the study of motor regulation and neuromuscular disorders such as ALS 
and Myasthenia Gravis as well as testing of novel therapeutic agents.      

9.4     Addition of Systematic Complexity to Nervous System 
Models to Mimic In Vivo Conditions 

 In vivo, the CNS is isolated from all the other systems by a biological barrier: the 
blood–brain barrier (BBB). This barrier provides extra protection for the CNS, but 
also generates undesired obstacles for drug targeting. Furthermore, the nervous sys-
tem is in constant direct or indirect interactions with all the other organ systems in 
the body. All of these complexities need to be considered when developing in vitro 
neurological models, especially those utilized for drug development. 

9.4.1     Blood–Brain Barrier 

9.4.1.1     The Relationship Between the PNS, CNS, and the BBB 

   The  Blood–Brain Barrier (BBB) is      composed of a layer of highly specialized  brain 
microvascular endothelial cells (BMECs)   covering the cerebral vascular system, in 
close contact with neighboring pericytes and glial cells which reside on the cerebral 

9 In Vitro Modeling of Nervous System: Engineering of the Refl ex Arc



280

side. The CNS and the BBB are structurally and functionally interconnected. The 
BBB forms a dynamic physical and metabolic barrier that strictly regulates molecular 
exchange between the blood and the brain, protecting the CNS from systematic varia-
tions and potentially harmful substances carried in the blood. Disruption of the BBB 
impairs brain homeostasis and coincides with many CNS disorders. Yet the neuropro-
tective BBB also poses a formidable challenge for CNS drug development. Inadequate 
delivery of therapeutic candidates across the BBB remains a major cause of failure for 
a majority of CNS disorders, including brain cancer, stroke, autism and Alzheimer’s 
disease (Pardridge  2005 ; Pardridge  2012 ). Any integrated system for the refl ex arc 
will eventually require the incorporation of the BBB into the platform.    

9.4.1.2     Concept of the Neurovascular Unit 

   The increasingly  acknowledged   importance of the coupling between the CNS and 
the BBB give rise to an evolving perception of the  neurovascular unit (NVU)   
(Neuwelt et al.  2011 ; Muoio et al.  2014 ; Abbott et al.  2006 ), which has caused sub-
stantial research efforts toward developing integrated in vitro models of the CNS 
and the BBB (Alcendor et al.  2013 ; Achyuta et al.  2013 ; Palmiotti et al.  2014 ; 
Brown et al.  2015 ). This would also establish a link to the PNS components of the 
refl ex arc as well. Desirable characteristics of an effective in vitro model of the 
human NVU include: (a) high-fi delity human brain cells (brain microvascular endo-
thelial cells, neurons, and glial cells) from expandable sources; (b) bio-mimetic 
spatial and functional organization of multicellular elements and extracellular 
matrix; (c) physiologically relevant perfusion of blood surrogates to achieve realis-
tic bio-metabolism; and (d) on-line analytical capabilities of monitoring BBB prop-
erties and CNS responses.  

9.4.1.3     Current Development and Future Directions of In Vitro 
NVU Models 

 Recent progress in stem cell technologies provides promising potential for unlimited 
cell sources for creating realistic and even patient-specifi c NVU models. Derivation 
of NVU cells from human pluripotent or embryonic stem cells has been described, 
including human brain microvascular cells (Lippmann et al.  2012 ), astrocytes 
(Shaltouki et al.  2013 ; Juopperi et al.  2012 ), and neurons (Guo et al.  2010a ; Perrier 
et al.  2004 ). Incorporation of these cells in a  Transwell® system  , the most commonly 
used setup for dual or triple cell coculture, has generated encouraging outcomes in 
mimicking in vivo BBB integrity and permeability (Lippmann et al.  2014 ; Chou 
et al.  2014 ). The integrity of the tight junctions formed between cells can be mea-
sured by  trans-endothelial electrical resistance (TEER)   (Srinivasan et al.  2015 ; 
Wilhelm and Krizbai  2014 ). However, Transwell®-based models have limited abil-
ity to replicate physiological neurovascular bio-metabolism due to a large liquid-to-
cell volume ratio, and often have limited analytical capability for neuron responses. 
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 Microfl uidic platforms have intrinsic advantages of precise control over microscale 
feature patterning and fl uid delivery, which offer great promise for recreating in vivo 
like multicellular structural hierarchy of the NVU, as well as physiologically relevant 
metabolism and transport of nutrients, metabolites, and exogenous substances within 
the neurovascular environment. In addition, microfl uidics- based models are versatile 
in integrating in situ measurements, such as the MEA technology (Nam and Wheeler 
 2011 ), for barrier integrity monitoring and CNS functional analysis (Booth and Kim 
 2012 ). A prototype neurovascular unit-on-a-chip was constructed as a multilayered 
vertical stack of a perfusable vascular channel and a neural compartment (Achyuta 
et al.  2013 ). This simple modular microfl uidic model effectively reduced the gap 
between neurons and the brain endothelial barrier to 100 μm, which allowed the 
neuroglial mixed culture to reside within the oxygen diffusion distance and this 
model also substantially decreased the liquid-to-cell volume ratio. A recent model 
further reduced this ratio by encapsulating neurons in a 3D collagen gel, which also 
created spatial gradients within the neural chamber (Brown et al.  2015 ). All of these 
microfl uidic models of the NVU, however, have not progressed beyond the proof-of-
concept stage. Future development includes incorporation of 3D cell culture technol-
ogy with current nanotechnology to recreate multicellular NVU structure on chip, as 
well as integration of microelectrodes for real-time recording of neuronal responses 
and monitoring BBB properties.     

9.4.2     Organ-on-a-Chip Systems Under Microfl uidic 
Circulation to Mimic In Vivo Conditions 

    Ultimately, the refl ex  arc         platform would benefi t from integration with other organs 
such as the liver and circulatory systems. However, these systems are already under 
development with body-on-a-chip or human-on-a-chip systems, which gives prom-
ise for the creation of complex systems in a reasonable time frame (Oleaga et al. 
 2016 ). In vivo, the localized environments for tissues are rarely the static conditions 
that typical cell culture methods produce. Specifi c examples include: endothelial 
cells lining blood vessels experience large shear stresses in pulsatile fl ow patterns, 
lung alveoli exist in the interface between inhaled air and capillary blood, and many 
other tissues have areas of specifi c shear stresses that infl uence development of the 
functional structures. Specifi cally,  cerebral-spinal fl uid (CSF)  , the bath that nurtures 
the CNS, is in continuous exchange with the cerebral blood stream through the BBB 
such that the microenvironment for the nervous system is constantly refreshed. 

 Traditional cell culture environments, such as multi-well plates, tissue culture 
fl asks, or petri dishes, have major limitations in the physiological conditions they can 
mimic. The cell culture medium in these confi gurations is usually static or some-
times slightly rocked or swirled to create some internal fl uid mixing. If several tis-
sues are cocultured together, the multi-well plates, fl asks, and dishes produce similar 
conditions on all of the tissues, making the creation of tailored microenvironments 
for each tissue extremely diffi cult to achieve. Transwell ®  tissue culture inserts and 
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similar products provide two separate volumes, separated by a permeable support. 
This confi guration allows for using two different media, especially with barrier tis-
sues, or for the creation of an air-liquid interface for tissues that require contact with 
air on one side and liquid on the other. Culture inserts also allow for the study of 
active and passive transport across barrier tissues. However, similar to the multi-well 
plate confi guration, medium in the standard format is limited to static culture or a 
slight rocking or swirling. 

 To improve physiological relevance, a common method is to incorporate the tis-
sue constructs into a fabricated housing and produce a dynamic microfl uidic envi-
ronment (Sung and Shuler  2009 ) (Fig.  9.6 ). Housings enable the use of microfl uidic 
structures to engineer and control micro-environmental conditions. Simple micro-
fl uidic housings control perfusion rates into the tissues using various pump systems, 
with syringe pumps and peristaltic pumps being the most common, and can provide 
a continuous supply of fresh culture medium while removing waste compounds 
from the system. When coupled with even basic fl uidic modeling, simple microfl u-
idic housings can be used to produce desired shear stresses on cultured tissues 
(Ferrell et al.  2010 ). By expanding the complexity of the housings and the fl uidic 
modeling, multiple tissue compartments with different shear stresses and fl ow rates 
can be created to produce tailored microenvironments for each tissue (Sung et al. 
 2010 ) (Fig.  9.6a ).  Computational fl uid dynamics (CFD)   enables the modeling of 
even more complex shapes and microstructures for the control of the fl uidic envi-
ronment for body-on-a-chip tissue components and supporting structures (Long 
et al.  2012 ). Other pump systems have been created to enhance the benefi ts of 
housing- based systems for body-on-a-chip studies and to address disadvantages of 
peristaltic and syringe pumps. Osmotic pumps, which are driven with osmotic pres-
sure, eliminate the need for mechanical components and enable smaller systems 
(Park et al.  2007 ). On-chip peristaltic pumps driven by pressure-driven valves 

  Fig. 9.6    Examples of  multi-organ fl ow systems  : A 3-organ system utilizing a pump-based system 
( Left ) (Sung and Shuler  2009 ) and a 4-organ system utilizing a rocking platform to produce fl ow 
(Oleaga et al.  2016 ). In the 3-organ system on the  left , a schematic diagram showing system assem-
bly ( a ), picture of an assembled system ( b ), a schematic diagram of operation setup ( c ), and a 
picture of the system in operation with multiple chips ( d ) are shown. In the 4-organ system, a 
schematic layout of the system ( a ) and shear stresses in each chamber as determined with compu-
tational fl uid dynamic modeling ( b ) are shown       
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require external tubing and control systems, but allow much smaller liquid volumes 
to be used to enable buildup of metabolites and signaling molecules for studying 
organ interactions (Maschmeyer et al.  2015 ). A rocking system (Fig.  9.6b ), which 
uses gravity-driven fl ow to move fl uid between two reservoirs in an alternating pat-
tern, allows many systems on a single rocker. Housing-based body-on-a-chip sys-
tems engineered for this rocking pump allow minimal liquid volume to be used with 
recirculating fl ow, while allowing for in situ sampling. The use of housings for 
body-on-a-chip systems enables a wide variety of pumping mechanisms to suit the 
needs of the individual system, in addition to local control of cellular environments 
and multiple organ coculture.   

9.4.3        Inclusion of Other Tissues to Reproduce Systemic 
Interactions 

   The nervous system  manages      body responses to both external and internal signals. 
The nervous system is in constant communication with other organs by direct inner-
vations (Lisman  2015 ) or homeostasis regulation (Ulrich-Lai and Herman  2009 ; 
Betley et al.  2015 ; Mimee et al.  2013 ). Therefore, inclusion of cells of other organs 
is an obligatory improvement to better reproduce the in vivo condition for neural 
modeling. It is even more crucial from the perspective of drug development. On one 
hand, the presence of cells from other organs can affect the kinetics or dynamics or 
even the effects of drugs targeting nervous system due to the effects of physical bar-
rier (i.e., BBB), specifi c or nonspecifi c absorption, endocytosis, or metabolism. For 
example, hepatocytes may metabolize the drug, producing compounds that have 
dramatically different effects than the parent drug. On the other hand, inclusion of 
other tissues/cells in the in vitro neural models also allows for the examination of 
off-target effects of the drugs. In general, the inclusion of other organ cells in neural 
modeling and the investigation of their interactions with neural cells are important 
for the understanding of the physiology and pathology of the nervous system, espe-
cially for drug development (Nikoletseas  2010 ). Recent development has already 
shown multi-organ systems composed of muscle, motoneurons, cardiomyocytes, 
and hepatocytes, and their response to toxins (Oleaga et al.  2016 ).     

9.5     Summary and Perspectives 

 Highlighted by the efforts made by the combination of neuroscience and engineer-
ing, the gold standard for in vitro neural modeling is to recreate defi ned functional 
innervation models that are quantifi able, noninvasive, effi cient, and with necessary 
complexity to match their applications. These models should provide essential tools 
for the study of not only physiology and pathology but also pharmacology and toxi-
cology for future human therapies. The in vitro refl ex arc systems introduced in this 
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chapter provide good examples of neural modeling toward this standard. The 
increased expansion of stem cell technologies, especially iPSCs, provides a grow-
ing pool of cell resources to choose from when building human-based in vitro bio-
logical systems. The integration of interdisciplinary technologies such as surface 
patterning for circuit mapping, MEAs for defi ned neural stimulation and recording, 
and microchip-based cantilevers for noninvasive monitoring of muscle contraction 
endows these in vitro systems with high resolution, effi ciency, as well as the capa-
bility for long-term noninvasive testing. In vitro modeling of the whole refl ex arc 
will provide an invaluable model for the dissection of motor circuit regulation, dis-
ease studies, and drug development. The inclusion of the BBB as well as multi- 
organs- on-a-chip and the application of microfl uidic components will signifi cantly 
upgrade the isolated static systems into complex dynamic models that more closely 
reproduce in vivo conditions. Prospectively, the expeditious development of stem 
cell technology and other interdisciplinary technologies and their integrated appli-
cations will culminate in the development of high content phenotypes of well- 
defi ned biological modules. The advancement of the multi-organ-on-a-chip fi eld is 
expected to add complexity to these modules to better approximate in vivo condi-
tions so that their biological function and the effi cacy for different therapeutics can 
be better evaluated. Progress in neural modeling will accelerate our understanding 
of this crucial biological system and its diseased conditions, which reversely will 
continue to guide the development of more relevant in vitro neurological models.     
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