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Carbon nanofibers (CNFs) have shown great potentials for development of micro-/nanodevices for neural interfaces due to their
suitable properties, such as chemical stability, good electrical conductivity, ultramicro size with low electrical impedance, 3D
structures with high surface-to-volume ratio, and long-term biocompatibility. In this paper, we review the applications of CNFs
as neural-electrical interfaces and neural-chemical interfaces for neural recording and stimulation, electroconductive nanofibrous
scaffolds for nerve tissue engineering, drug and gene delivery, and neurochemical sensing. The CNFs-based micro-/nanodevices
provide new platforms to fine-tune electrical and chemical cues of neurons at subcellular nanoscale, which can be used for both
fundamental studies of material-cell interactions and the development of chronically stable, implantable neural interface devices.
Further development of this technology may potentially enable a highly multiplex closed-loop system with multifunctions for
neuromodulation and neuroprostheses.

1. Introduction

In the past decade, nanotechnology has attracted so much
attention and various nanomaterials and nanostructures
have been developed, including quantum dots [1], nano-
fibers and nanotubes [2], nanowires [3, 4], and nanobelts
[5]. These nanomaterials are of particular interest to neuro-
science society because they can realize electrical and chem-
ical communications with nervous system at micro- and
nanoscale. Applications of nanostructures to neuroscience
rapidly and widely expand from molecular imaging [6], scaf-
folds for neural regeneration [7], to neural interfaces [8, 9].

Neural interfaces create links and allow communications
between the nervous system and the outside world by out-
puts of neural electrical and chemical signals for monitoring
neural activities, inputs of neurostimulation and intracellular
delivery of chemicals for modulating neural activities or
outputs and inputs with feedbacks [10]. Neural interfaces
have been used to record neural signals and treat or assist the

patients with diseases or disabilities of neural function [11,
12]. Among these, electrical and chemical neural interfaces
are widely used to input electrical and chemical stimulation
to special part of the central or peripheral nervous system
to help restore sensory processing or to improve function
by modulating neural activities, and they are also used to
record the electrical potentials or detect neural-chemicals to
monitor ongoing neural activities. Micro-/nanodevices are
designed and fabricated for electrical and chemical neural
interfaces. In the conventional technologies for neural inter-
faces, metal and semiconductor bulk materials are common-
ly used.

Compared with the conventional technologies, car-
bon nanofibers (CNFs) have great potentials as electrical
and chemical neural interfaces, for their superior electri-
cal, chemical, and physical properties: (1) chemically sta-
ble and inert in physiological environment, (2) biocom-
patible for long-term implantation due to their covalent
carbon structure, (3) electrically robust and conductive for
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signal detection, (4) 3D structures that allow intratissue and
intracellular penetration, (5) with high surface-to-volume
ratio, which reduces contacting electrical impedance greatly,
and (6) high spatial resolution due to their ultramicro scale
sizes. Here, we review the recent progress of applying CNFs
to develop informative neural interfaces, including neural-
electrical interfaces for recording and stimulation of neu-
ral activities, electroconductive nanofibrous scaffolds, and
neural-chemical interfaces for minimally invasive molecular
delivery and detection of neurochemicals.

2. Neural-Electrical Interfaces

Neural-electrical interfaces are widely used for bidirectional
communications between the nervous system and external
devices, which detect and modulate neural functions by neu-
ral recording and stimulation for diagnosis and treatment of
neurological diseases or artificial limb control. High spatial
resolution of information communication is important
for neural decoding and modulation of specific targets.
However, submicron-scale planar electrodes are hardly able
to detect neural signals because double-layer impedance of
the electrodes in physiological solutions rapidly increases
as the size of individual electrode is scaled down. Given
the 3D structures with high surface-to-volume ratio, CNFs
electrodes can provide a large active surface area for neural
recording and stimulation while individual electrode sites on
the substrate are scaled down.

For both functional electrical stimulation (FES) and neu-
ral recording, a stable, reliable, and biocompatible neural-
electrical interface is essential, which requires safe and effec-
tive delivery of electrical charges between the nervous system
and electrodes for a relatively long term. Currently, most
traditional microelectrodes are fabricated with rigid metals
and semiconductors [13, 14]. Compared to metal-based
microelectrode arrays (MEAs), CNFs have two superior
characteristics to be employed in the neural-electrical inter-
faces. Firstly, CNFs can provide a high resolution. There are
some difficulties to improve the resolution of conventional
metal-based MEAs, because reducing the size of metal-based
microelectrode increases the electrode impedance and ther-
mal noise, which compromises the sensibility of electrodes
to detect electrical signals from the nervous system [15, 16].
However, CNFs can provide a large active surface area with
small sites on the substrate allowing for a higher spatial reso-
lution. Secondly, CNFs not only can work at the extracellular
level but also may penetrate into neurons and then work
at the intracellular level. On the surface of neural tissues in
vivo or tissue slices in vitro, there is a glia layer accompanied
by some injured and dead cells. The planar-metal-based
electrodes cannot penetrate the unexpected layer to active
cells. The neural signal attenuates greatly through the glia
layer and some of the signals from deep inside the tissue
are hard to detect. CNFs, especially vertical aligned carbon
nanofibers (VACNFs), are of conical structures with tiny
tips, and they have the ability to penetrate through the glia
layer into tissues. Taking VACNFs for example, Figure 1(a1)
shows a simple schematic of a bidirectional neural-electrical

interface platform. “Bidirectional” means this platform can
both input electrical stimulation and record neural electrical
potentials at the same time, which realizes a real-time moni-
toring of neural electrical activities and electrical modulating
stimulation simultaneously.

Researchers in NASA Ames Research Center (NARC,
USA) reported their a series of advancements in developing
3D brush-like VACNFs [17–19]. They fabricated VACNFs on
a silicon wafer by plasma-enhanced chemical vapor depo-
sition using Ni as catalyst and tested them on PC12 cells.
The results indicated that the soft 3D VACNFs architecture
provided a new platform to fine-tune the topographical,
mechanical, chemical, and electrical cues at subcellular
nanoscale. Furthermore, they developed polypyrrole (PPy-)
coated VACNFs, which showed enhanced capability of
neural stimulation [17]. Researchers in Columbia University
(USA) and Oak Ridge National Laboratory (ORNL, USA)
developed a CNFs-based neural chip and demonstrated its
capability of both stimulating and recording electrophys-
iological signals from brain tissues in vitro [20, 21]. In
this study, long-term potentiation (LTP) was induced and
detected through CNFs arrays. Researchers in the University
of Tennessee (USA) developed thin-film transistor (TFT-)
VACNFs [22]. They fabricated the VACNFs on an active
matrix TFT and demonstrated a novel MEA platform. By
using this new platform, stimulating and recording could
also be realized simultaneously. VACNFs integrated on the
TFT array enhanced the electrical selectivity to the cell, and
furthermore, they provided the potential for intracellular
sensing within individual cells.

In addition, carbon nanofibrous materials have been
developed as electroconductive nanofibrous scaffolds for
neural tissues to facilitate communication through neural
interfaces. Electrical fields are able to enhance and direct
nerve growth [23], therefore electroconductive scaffolds are
applied to enhance the nerve regeneration process, not only
providing physical support for cell growth but also delivering
the functional stimulus (Figure 1(a2)). In recent studies,
electrospun biocompatible, and electroconductive polymer
nanofibers were widely investigated, such as polyaniline
(PANI)/poly(ε-caprolactone)/gelatin (PG) [24], polypyrrole
(PPy)/poly(styrene-β-isobutylene-β-styrene) (SIBS) [25, 26],
PPy/poly(lactic coglycolic acid) (PLGA) [27], and their var-
iants. The electroconductive polymer fibrous scaffolds has
shown to be qualified for cell attachment and proliferation
[25–27]. Moreover, electrical stimulation through conduct-
ive nanofibrous scaffolds have shown their capability of en-
hancing cell proliferation and neuite outgrowth compared to
the scaffolds that were not subjected to electrical stimulation
[24].

Carbon nanomaterials are naturally good electrical con-
ductor and have good biocompatibility, which make them
good candidates for electrically conductive scaffolds [28].
Researchers in Regenerative Medicine Institute in National
University of Ireland reported their study of carbon nano-
tube(CNT)-based poly (L-lactic acid) (PLA) nanofibers scaf-
folds. Compared to PLA nanofiber scaffolds, the presence of
CNT- enhanced electrical conductivity and physical stability
of the scaffolds with less degradation visible on the surface
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Figure 1: Schematics of CNFs as neural interfaces. (a) Neural-electrical interfaces: (a1) as bidirectional interfaces for electrical stimulation
and recording; and (a2) as electroconductive nanofibrous scaffolds. (b) Neural-chemical interfaces: as bidirectional interfaces for delivering
therapeutic chemicals and biosensing neurotransmitters.

of the CNT/PLA nanofibers [29]. Researchers in Dankook
University (South Korea) coated aligned biopolymer scaf-
folds with CNT, which have shown capability of promoting
neurite outgrowth of rat dorsal root ganglia neurons and
focal adhesion kinase expression of PC-12 cells [30]. Till now,
few research of using CNFs as the electrically conductive
scaffolds has been reported, whereas the successful appli-
cations of electroconductive polymers and CNTs suggest
the great potential of CNFs and their variants to be act as
electroconductive scaffolds.

3. Neural-Chemical Interfaces

Different from neural-electrical interfaces, neural-chemical
interfaces monitor neural activities by detecting neuro-
chemicals (such as neurotransmitters, etc.) and modulate
neural functions by delivering chemical therapeutic elements

into neural tissues and cells. CNFs are suitable for neural-
chemical interfaces because of their following properties.
First, CNFs are cylindrical or conical nanostructures com-
posed of well-organized graphite layers, the covalent carbon
structures of which make CNFs chemically stable and inert
in physiological environment. Second, CNFs have large
surface-to-volume ratio, and the edge of every graphite
layer is exposed and easily functionalized. Large number of
chemically active groups on their surface make CNFs good
candidates for biochemical sensing. Third, the 3D ultrami-
croelectrodes are able to penetrate into the interior of the
tissue and individual cell allowing intratissue and intracellu-
lar delivery of molecules, such as genes, proteins and drugs.
Figure 1(b) is a schematic illustrating CNFs- based neural-
chemical interfaces delivering genes, drugs, and dsDNA into
neural cells and biosensing the neural transmitters. Similar
to neural-electrical interfaces, it also enables a bidirectional
platform with both input and output simultaneously.
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Drugs and therapeutic genes are sent or locally released
to a desirable group of target cells to treat neurological
diseases [31, 32]. Although microinjection is widely used
for drug delivery [33], the microneedle may cause damage
to cell membranes. Recently, VACNFs were found capable
of penetrating through cell membranes to deliver drugs
and genes [34, 35]. Drugs and genes were first attached to
VACNFs by either covalent or noncovalent bonding, and
then the drug/gene carrier conjugates were directly injected
into the target cells. By using this method, the cell membrane
disruption was minimized due to cell endocytosis of the
ultramicro CNF tip. And also, this method could deliver
drugs or DNAs to a large number of cells simultaneously by a
bundle-located CNFs. Researchers in ORNL (USA) reported
a strategy for delivering double-stranded DNA (dsDNA)
into cells. The dsDNA was covalently and end specifically
bounded onto VACNFs and then released after VACNFs
penetrating the cell membranes. The whole process was
tested on Chinese hamster lung epithelial cells, and the result
indicated that this approach enabled the transport of bound
ligands directly into cell nuclei and bypassed extracellular
and cytosolic degradation. Till now, few researches on using
CNFs for delivering drugs or genes to treat neurological
diseases have been reported, whereas the successful delivery
of dsDNA by CNFs indicates potential applications of CNFs
as neural-chemical interfaces to the gene therapies for neuro-
logical diseases.

As for the detection of neural-chemicals, single carbon
fiber electrode has been widely used [36]. However, this kind
of electrode is designed for recording of neurochemicals from
single site rather than neural networks. One group in NARC
(USA) reported improvement of using VACNFs as multi-
plexing biosensors [37, 38]. The devices were developed to
detect the DNA targets that corresponded to E. coli O157:H7
16S rRNA and be able to produce reliable electrochemical
responses with high signal-to-noise ratio. This technology
showed important progresses for chemical sensing with
well-controlled radial diffusion transport, minimal back-
ground currents and increased sensitivity. Another group
in NARC (USA) and in Department of Neurologic Surgery
(USA) reported integration of the CNFs electrode arrays
with wireless instantaneous neurotransmitter concentration
sensor system to detect dopamine by using fast scan cyclic
voltammetry [39]. The CNFs facilitated the detection of
neurochemical release over a large area, yet with high spatial
resolution. This technology enabled CNFs-based electrode
arrays to simultaneously monitor electrical and chemical
activities from the nervous system.

4. Challenges and Outlook

Both neural-electrical and neural-chemical interfaces pro-
vide tools for recording neural activities from the nervous
system and delivering therapeutic elements to restore and
recover neural function from diseases or injuries. In this
paper, the recent applications of CNFs for interfacing with
neurological system are reviewed. CNFs can provide high
spatial resolution, high sensitivity, and minimal damage to

neural tissue. As for clinical application as neural interfaces,
the following issues needs further studying. (1) The bio-
compatibility of the materials that are introduced during
CNFs fabrication (such as catalysts) need to be carefully
investigated, and adjustment of fabrication process may be
implemented if necessary. (2) The nucleation and growth
mechanisms of CNFs are still not very clear, therefore, the
homogeneity and yield of CNFs are unsatisfactory. (3) Some
potential side effects accompanying CNFs-based neural
interfaces exist. Because of their surface properties and
atom structures, toxic and unexpected chemical compounds
may bond and be delivered to the cell together with the
useful ones. Therefore, the selectivity of CNFs needs further
studying. (4) As electroconductive scaffolds, the interaction
mechanism between CNFs and neuronal cells is not very
clear, and further research is needed in order to control the
nerve regeneration process better.

The CNFs have great potentials as multiplexing neural
interfaces and intracellular neural interfaces, which are
capable of dual-mode detecting electrophysiological and
neurochemical signals, not only at the extracellular level with
high spatial resolution, but also at the intracellular level by
penetrating into single neurons. In the future, it is a trend
to integrate neural-electrical interfaces and neural-chemical
interfaces together as an intelligent, closed-loop therapeutic
device for diagnosis and treatment of neurological diseases,
realizing automatic modulation of neural activity by neu-
rostimulation or local drug delivery responding to real-time
detection of electrical and chemical information from the
nervous system.
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