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PERSPECTIVE

Conductive polymer scaffolds to 
improve neural recovery 

Injuries to the nervous system manifest in various forms 
ranging from stroke to trauma (i.e., motor vehicle acci-
dents, combats) to diabetic neuropathy as well as many 
other neurological diseases. Nerve regeneration remains 
a complex biological process that is challenging to ad-
dress clinically. There is no effective medical treatment 
for central nervous system repair. For a peripheral inju-
ry, the current gold standard for treating critically-sized 
neve defects (> 10 mm) is to use autologous nerve grafts, 
which have only shown 80% functional recovery. These 
grafts have significant drawbacks including the availabil-
ity of donor source, size of donor nerve, and morbidity 
and scarring occurring at the donor site. Nerve tissue en-
gineering provides a new alternative to neural recovery. 
Specifically, biomaterials integrate natural or synthetic 
biomimetic materials and biological systems to facilitate 
regeneration of diseased tissues and organs. Conductive 
polymers in particular provide a platform to manipulate 
cell behavior through electrical stimulation in addition to 
the existing biophysical and biochemical cues presented 
in the microenvironment (George et al., 2017). The abil-
ity to fabricate advanced materials allows us to re-create 
physiologic conditions that more dynamically interact 
with the nervous system and improve neural repair.

Electrically conductive polymers such as polypyrrole 
(PPy), polyaniline (PANI), and poly(3,4-ethylenedioxy-
thiophene) (PEDOT) share common chemical structures. 
In these conductive polymers, a series of alternating 
single and double bonds with overlapping pi-bonds al-
lows for free movement of electrons between atoms. By 
introducing a dopant in the solution, polymers can be 
oxidized and their backbones are disrupted to allow pas-
sage of electrons under an applied electrical potential. 
Different concentrations and types of doping agents can 
significantly alter the material properties of conduc-
tive polymers during the polymerization process. For 
example, the roughness of chondroitin sulphate incor-
porated PPy increases as more chondroitin sulphate is 
added. Polystyrene sulfonate doped PPy is more flexible 
compared to the hyaluronic acid doped PPy. Among all 
electrically conductive polymers, PPy is the most exten-
sively studied and has emerged as a promising biomaterial 
that maintains reasonable conductivity (1–75 S/m) under 
physiological conditions. PPy has shown great biocom-
patibility both in vitro and in vivo (George et al., 2005). 
PPy is also dissolvable in many types of solvents such as 
water and is therefore easily synthesizable with oxidants 
and electrochemical processes (George et al., 2017). Tra-
ditionally to study the effect of electrical stimulation on 

neural behavior, PC12 cells have been cultured on electri-
cally stimulated PPy films. Research has shown that PC12 
cells with unfunctionalized PPy showed more than 90% 
enhancement in the length of neurite outgrowth when 
electrically stimulated. Subsequent implantation of PPy 
nerve conduits in the rat sciatic nerve model demonstrat-
ed regenerated myelinated nerve fibers after four weeks 
(George et al., 2009). To improve the mechanical strength 
and cytocompatibility of the polymer, PPy has been 
further incorporated with other polymers (e.g., poly(D, 
L-lactide-co-epsilon-caprolactone), poly(lactic-co-glycol-
ic acid)) for better modulation of adhesion and growth 
of PC12 cells (Zhang et al., 2007; Xu et al., 2014). How-
ever, PC12 cells may not be the ideal cell line to study 
the neural behavior including neuronal differentiation 
and the function of neurotrophic factors. Because PC12 
cells are derived from a neural tumor, they may represent 
altered signaling proteins and pathways. Specifically, the 
p46/53Shc and SNT, parts of the neurotrophin/Trk sig-
naling pathway, are expressed highly in PC12 cells but 
are minimally expressed in mouse embryonic and adult 
brains (Kaplan, 1998). 

With advances in stem cell technology, human neural 
progenitor cells (hNPCs) have developed into potential 
therapeutic cells for nerve regeneration. hNPCs have 
generated increases in synapse formation, axonal and 
dendritic expansion, and angiogenesis in neural applica-
tions. Intriguing questions exist on the use of electrical 
current to affect the behavior of hNPCs in vitro and in 
vivo. Indeed, past research has demonstrated that elec-
trical stimulation guides endogenous neural progenitor 
cells (NPCs) migration in vivo (Cao et al., 2013) and 
leads to differentiation into neurons ex vivo (Li et al., 
2008). In addition, many of the previous studies focused 
on how electrical field direct migration of hNPCs in a 
voltage or time-dependent manner. Studies investigat-
ed the signaling pathway particularly involved with cell 
mobilization as a result of electrical influence (e.g., Wnt/
GSK3β pathway, P13K/Akt pathway, and NMDAR/Rac2/
actin pathway). However, the underlying mechanism of 
hNPCs response to external electrical stimuli and utiliz-
ing electrically stimulated hNPCs to treat nerve injury 
are not well-investigated. Conductive polymers offer an 
interesting platform to further understand the interac-
tion of electrical stimulation on hNPCs for nerve recov-
ery applications.

In our recent work, a conductive PPy scaffold was uti-
lized to electrically stimulate hNPCs in vitro. We further 
investigate how these electronically-conditioned cells 
can be used for enhancing functional recovery of rats 
with induced cerebral stroke (George et al., 2017). Pri-
or conductive scaffold systems only allowed for in vitro 
manipulation of cells and not in vivo implantation of the 
system. In our system, the PPy can be versatilely sand-
wiched with chamber slides to allow seeding of hNPCs 
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with direct electrical stimulation. This creates an in vitro 
conductive scaffold system that can be separated for in 
vivo implantation of cell-seeded PPy scaffolds. Specifi-
cally, hNPCs were first electrically stimulated on the PPy 
films with a +1 V to –1 V square wave at 1 kHz for one 
hour. This paradigm showed no change in cell survival 1 
day after stimulation. To identify the pathways that may 
be altered by electrical stimulation, we screened the dif-
ference in gene expression between the stimulated and 
unstimulated groups. The vascular endothelial growth 
factor A (VEGF-A) pathway and other secreted factors 
associated with the pathway such as matrix metallopep-
tidase 9 (MMP-9) were significantly upregulated (Figure 
1). The addition of bevacizumab (a human monoclonal 
antibody that blocks VEGF-A) during electrical stimu-
lation blocked any increase in VEGF-A gene expression. 
This showed that the activation of VEGF-A pathway is 
a direct result of electrical stimulation on hNPCs. Our 
data matches well with previous research which showed 
that an electric field induces VEGF receptor signaling in 
endothelial cells in culture (Zhao et al., 2004). Addition-
ally, electric fields have been demonstrated to upregulate 
brain-derived neurotrophic factor (BDNF) and VEGF 
signaling pathways in the neurogenesis of neuronal stem 
cells (Kim et al., 2014). Interestingly, we found that not 
all factors of the VEGF-A pathway were significantly 
changed in their gene expression after electrical stimu-
lation. For example, thrombospondin 1 (THBS1) and 
transforming growth factor (TFG-β), key mediators of 
cell survival and angiogenesis, showed no significant dif-
ference between pre- and post-electrical stimulation with 
gene analysis (George et al., 2017). With an increase in 

electrical field strength (250 mV/mm) and longer dura-
tion of stimulation (three hours), researchers previously 
reported that 68% of the migrating NPCs generate imma-
ture neurons (Li et al., 2008). However, we observed no 
change in hNPC differentiation pre- and post-stimulation 
given the stimulation period was brief. The ability to ma-
nipulate hNPCs electrically provides a unique paradigm 
to understand the important pathways for hNPC-mediat-
ed neural recovery.

The electrically-conditioned hNPCs on the PPy scaffold 
were then placed on the peri-infarct cortical surface in 
rats with distal middle cerebral artery occlusion strokes. 
Based on behavioral models (the neurological severity 
scale and vibrissae-forepaw model), we observed that 
the electrically pre-conditioned groups outperformed 
the other groups including the unstimulated hNPCs and 
polymer alone starting at 1–2 weeks post implantation 
(George et al., 2017). We also observed that there was an 
increase in blood vessel density surrounding the peri-in-
farct area in animals that received electrically precondi-
tioned hNPCs compared to the other groups. This trend 
undoubtedly correlates well with the increase in VEGF-A 
expression as a result of electrical stimulation, because 
VEGF-A is known to be linked to angiogenesis and cell 
survival in stroke recovery (Horie et al., 2011). The gene 
expression profile of the peri-infarct region from rats that 
received electrical pre-conditioned hNPCs was compared 
with the ones implanted with unstimulated cells. Results 
showed that 42 overlapping genes of the endogenous rat 
cortical tissues were upregulated with no alterations from 
exogenous human genes from hNPCs. It is likely that the 
endogenous VEGF-A pathway was re-enforced by the 

Figure 1 An illustration of significantly altered in the 
VEGF-A pathway after electrical stimulation (George 
et al., 2017).
VEGF-A: Vascular endothelial growth factor A; CTGF: 
connective tissue growth factor; THBS1: thrombospon-
din 1; IGFBP5: insulin-like growth factor binding pro-
tein 5; PLAU: plasminogen activator urokinase; PLAT: 
tissue plasminogen activator; ADAMTS1: a disintegrin 
and metalloproteinase with thrombospondin motifs 
1; TGFB1: transforming growth factor beta 1; CXC12: 
chemokine 12; MMP13: matrix metallopeptidase 13; 
MMP9: matrix metallopeptidase 9; COL1A1: collagen 
type I alpha 1; VASH1: vasohibin 1; SERPINE1: serine 
proteinase inhibitor family E member 1; CAV1: caveolin 
1; NRGN: neurogranin; EFNB2: ephrin B2; UNC5B: un-
coordinated-5 homolog B; KDR: kinase domain region 
receptor; HMOX1: heme oxygenase 1; COX6B1: cyto-
chrome c oxidase subunit 6B1; TMSB10: thymosin beta 
10; TMSB4X: thymosin beta 4X; ATP5O: ATP synthase 
subunit O; GART: glycinamide ribonucleotide trans-
formylase; NRF1: nuclear respiratory factor 1; HIF1A: 
hypoxia-inducible factor 1 alpha; ETV4: ETS translo-
cation variant 4; CREBBP: cAMP-response element 
binding protein; CCND1: cyclin D1; LMNA: lamin A/C; 
RCAN1: regulator of calcineurin 1; PCNA: proliferating 
cell nuclear antigen; MEOX2: mesenchyme homeobox 2; 
CDKN1A: cyclin dependent kinase inhibitor 1A.
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exogenous VEGF-A through secreted factors (Knizetova 
et al., 2008) from the electrical pre-conditioning hNPCs. 
The electrically pre-conditioned stem cells produce tro-
phic factors (Kim et al., 2014) more efficiently which then 
act upon remote targets to improve stroke recovery. 

Electrically conductive polymers offer a novel platform 
to interact with hNPCs and the nervous system. Our re-
cent work developed a stand-alone PPy scaffold suitable 
for in vitro stimulation and in vivo implantation and cell 
delivery. Furthermore, we found increased angiogenesis 
and functional recovery of the animals due to the upreg-
ulated VEGF-A pathway and secreted factors via elec-
trical stimulation. These results not only provide us with 
insight on the importance of electrophysiology on stem 
cell function but also help us understand the mechanism 
upon which the electrically-conditioned transplanted 
stem cells enhance long-term function. These exciting 
findings reinforce the concept that neural cells respond to 
chemical and electrical signals which could offer unique 
avenues for neural therapies. It is also important to con-
sider other factors in designing conductive scaffolds such 
as incorporating all microenvironmental cues to further 
enhance the material property for better cell, material, 
and host interaction. Conductive polymer scaffolds cre-
ate the ability to manipulate the nervous system during 
repair to investigate essential recovery mechanisms such 
as angiogenesis, cell survival, and migration. As tissue en-
gineered methods of interacting with the nervous system 
advance, better methods from three dimensional print-
ing and microfabrication can be developed for advanced 
functional materials to improve neural regeneration.
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Comments to authors: Nerve regeneration remains a complex biologi-
cal process that is challenging to address clinically. There is no effective 
medical treatment for central nervous system repair. Conductive polymer 
scaffolds also create the ability to manipulate the nervous system during 
repair to investigate essential recovery mechanisms such as angiogenesis, 
cell survival, and migration. As tissue engineered methods of interacting 
with the nervous system advance, better methods can be developed to 
improve neural regeneration. Conductive polymer scaffolds are excellent 
candidates for promoting neural recovery, thus a promising research di-
rections, ideas and strategy for future neural regeneration applications. In 
sum, as tissue engineered methods of interacting with the nervous system 
advance, better methods can be developed to improve neural regeneration 
Their facing challenges and future developments are significance to pro-
mote their further clinical treatment of nervous system injury.
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