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ABSTRACT: Electrical stimulation in biology and gene expression has attracted
considerable attention in recent years. However, it is inconvenient that the electric
stimulation needs to be supplied an implanted power-transported wire connecting
the external power supply. Here, we fabricated a self-powered composite nanofiber
(CNF) and developed an electric generating system to realize electrical stimulation
based on the electromagnetic induction effect under an external rotating magnetic
field. The self-powered CNFs generating an electric signal consist of modified
MWNTs (m-MWNTs) coated Fe3O4/PCL fibers. Moreover, the output current of
the nanocomposites can be increased due to the presence of the magnetic
nanoparticles during an external magnetic field is applied. In this paper, these CNFs
were employed to replace a bullfrog’s sciatic nerve and to realize the effective
functional electrical stimulation. The cytotoxicity assays and animal tests of the
nanocomposites were also used to evaluate the biocompatibility and tissue
integration. These results demonstrated that this self-powered CNF not only plays
a role as power source but also can act as an external power supply under an external rotating magnetic field for noninvasive the
replacement of injured nerve.
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1. INTRODUCTION

Electric stimulation has widely been used in biological and
medical applications, including functional electrical stimulation,
neurite outgrowth, and cerebral cortex. Exogenous electrical
stimulation has been effectively used in both clinical practice
and laboratory research to stimulate neurite outgrowth,1,2

regulate differentiation3,4 and cerebral cortex,5 heal injured
skin,6 establish a regeneration model of specific tissues in the
stump of a rat limb amputation,7 and promote cardiomyocyte
maturation.8 In addition, a variety of conductive materials have
been used in electrical stimulation,9−11 Huang et al. developed
a CNT ropelike substrate that was allowed to generate electrical
stimulation in order to promote the extension of neurite
outgrowth in the early culture stage.9 Vitale et al. demonstrated
neural recording and stimulation with soft CNT fiber
microelectrodes.10 Min et al. have described sulfonated
polyaniline based organic electrodes to control electrical
stimulation.11

However, the connecting requirement of an external power
source to enable the electrical stimulation process is
inconvenient in biomedical applications because of the use of
bioelectrodes, chips, cell-membranes and a conductive polymer
platform as the internal−external conducting medium.12−17

Developing a wireless power source supply with simple
electronic transport remains a challenge, especially for electrical
stimulation.18−21 Inspired by wearable electronics that harvest

solar and mechanical energy for self-powered system, we
designed a noninvasive external power supply and self-powered
composites.22−30

In this paper, we demonstrated a facile method to fabricated
a noninvasive external power supply using a self-powered self-
powered composite nanofiber (CNF) composed of m-MWNTs
coated Fe3O4/PCL nanofibers under an external alternating
magnetic field.31−34 On the basis of the electromagnetic
induction effect, this self-powered nanocomposite can generate
power when an external magnetic field is applied to the CNF.
At the same time, the CNF can freely control the on/off self-
powered motion when the designed magnetic field stops
rotating. For the first time, we fabricated a directional wire
comprising m-MWNTs coated on the matrix of Fe3O4/PCL
electrospinning nanofibers.
This nerve-like network wire imitates the structure of nerve

fibers, which have an excellent conductivity. For instance, this
CNF can effectively produce electricity by applying an external
magnetic field, thereby representing its potential to realize
electrical stimulation by acting as a noninvasive external power
supply. Moreover, we examined the biological applications of
the CNFs by replacing a bullfrog’s sciatic nerve to realize
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functional electrical stimulation, as well as evaluating its
cytotoxicity and testing its tissue integration using a rabbit
muscle implantation test.

2. EXPERIMENTAL SECTION
2.1. Materials. Raw PCL with a weight-average molecular weight

(Mw) of 112 kDa was synthesized as described in a previous report.35

MWNTs with an outer diameter of 20−30 nm and a length of 10−20
μm, synthesized by chemical vapor deposition, were purchased from
Chengdu Institute of Organic Chemistry, Chinese Academy of
Sciences. Dichloroethane (DCE), N,N-dimethylformamide (DMF),
and ethanol were purchased from Chengdu Kelong Chemical Reagent
Factory. Deionized (DI) water was used in all experiments. All other
chemicals and solvents were of reagent grade or better and were used
without further purification.
2.2. Fabrication of Fe3O4/PCL Nanofibers. Superparamagnetic

iron oxide nanoparticles (SPIONs) were prepared by chemical
codeposition and modified by oleic acid similar to the previous
reports.36,37 First, 4.1 g of FeCl3·6H2O was added to 100 mL of
distilled water at 50 °C with mechanically stirring under N2 protection.
Second, 1.79 g of FeCl2·4H2O was dissolved into the solution, then 20
mL of NH3·H2O added, and the temperature increased 80 °C. Next,
oleic acid was also added into the resulting solution under strong
stirring. The resultant Fe3O4 nanoparticles were washed and then kept
in dimethylbenzene solution. These nanoparticles were well-dispersed
in a mixed solution of methylene chloride and DMF, and PCL was
dissolved in the mixture. After mechanically stirring overnight, the
mixture was poured into a 5 mL syringe connected to a hollow metal
capillary with a 1.5 m polyethylene catheter. The nanofiber mats were
prepared with different Fe3O4/PCL ratios (w/w: 0, 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, and 1.4%).
A power supply was used to provide a potential of 21 ± 0.5 kV, and

the polymer solution flow was controlled at a constant flow rate of 0.8
mL/h. The aligned nanofiber mats were prepared and collected by a
drum wrapped with aluminum foil at 1000 rpm. The distance between
needle and receiver was 15 cm. All experimental procedures were
carried out at room temperature, and the mats were dried under
vacuum at room temperature.
2.3. Fabrication of m-MWNT Coated Fe3O4/PCL Fiber Mat

Nanocomposites. The fabrication of the conductive m-MWNT
coated Fe3O4/PCL nanofiber nanocomposites could be accomplished
by the following steps: Raw MWNTs were acid oxidized similar to a
previous report.38,39 Briefly, the raw MWNTs was added to
hydrochloric acid (HCl) under stirring for 2 h at room temperature
and, then were diluted by water, filtered, washed with deionized water,
and dried under vacuum at 40 °C overnight. Next, the pretreated
MWNTs were added to nitric acid (HNO3), heated at 140 °C for 4 h,
and then cooled to room temperature. Finally, the procedures
described above were repeated once more.
To prepare a 5 mg/mL m-MWNT suspension, m-MWNTs were

dispersed in absolute ethanol with ultrasonication for 1 h, and then
half of them were added to a certain proportion of methylene chloride.
To fabricate the conductive nanocomposites, the m-MWNTs were
coated onto the matrix of the Fe3O4/PCL nanofiber mats using a
vacuum-assisted spray technique at a rate of 0.6 mL·s−1.40,41 Hence,
the cumulative weight of m-MWNTs would be expressed as the weight
per unit area of composite mat.
2.4. Electromagnetic Induction Effect under External

Magnetic Field. To realize the electromagnetic induction effect, an
external rotating magnetic field was self-built. Different rotation speeds
of the lab-built rotating magnetic field could be achievzed by changing
the rotation speed and were controlled by an ammeter (Stanford
Research RS570).
The calculation of the power density and the resistivity was

performed as follows. The power density of the CNFs under an
external magnetic field can be expressed as

=C I S/d

The resistivity of CNFs can be expressed as

ρ = RS L/

where Cd is the current density, I is the short-circuit current, S is the
cross-sectional area, ρ is the resistivity, and L is the length of the
CNFs.

2.5. In Vitro Cytotoxicity Assays. The cytotoxicity assay was
carried out on endothelial cells (ECs) based on an Alamar Blue assay,
as described previously.42 Cells were seeded into 24-well plates with a
density of 2 × 104 cells/well. CNF samples were sterilized for 4 h by
UV radiation with a power of 100 W. CNFs with different amounts of
m-MWNTs were cut into small round flakes with average diameters of
nearly 10 mm, and the CNF samples were immersed in the culture
medium and fixed between two rings. The culture medium was
refreshed every 2 days. On days 1, 3, 5, and 7, an Alamar Blue assay
was performed, and the absorbance of Alamar Blue solution was read
using an ELISA microplate reader (Molecular Devices, Sunnyvale, CA)
after 4 h of incubation at 570 nm. Meanwhile, the cells were stained
with 1 μM calcein AM and propidium iodide (PI) (Sigma, USA) and
then observed by fluorescence microscopy (CKX 41, Olympus, Japan)
at each point. The ECs were cultured in F12 medium supplemented
with 10% fetal bovine serum (FBS) and maintained at 37 °C and 5%
CO2 under fully humidified conditions.

2.6. Animals. 2.6.1. Functional Electrical Stimulation. Bullfrog
(75 ± 5 g) sciatic nerves were used for functional electrical
stimulation. The bullfrogs were purchased from local famers.

To establish a sciatic nerve defect model, a bullfrog was sacrificed.
First, a hind limb of the bullfrog was chosen and kept in Ringer’s
solution. Second, the hind limb was dissected, the sciatic nerve
exposed, and the empty defect replaced by CNFs with 0.259 mg/cm2

m-MWNTs (8 × 10 mm, diameter × length). Animal experiments
were carried out in compliance with the guidelines and approved by
the Institutional Animal Care.

2.6.2. Tissue Integration. The biocompatiblity of CNFs for muscle
tissue integration were demonstrated by in vivo implantation. CNFs
with different amounts of m-MWNTs (8 × 10 mm, diameter ×
length) were implanted into the hind leg muscle of a rabbit model to
evaluate its tissue integration. All samples were sterilized for 4 h by UV
radiation with a power of 100 W.

2.6.3. Surgery. In brief, the two male New Zealand white rabbits
weighing 2.5 ± 0.02 kg used as the in vivo muscle model were
purchased from the Experimental Animal Center of Sichuan Province
and raised for 2 weeks before surgery. After being anesthetized with
pentobarbital (2 wt %, 30 mg/kg) and lidocaine (2 wt %), the rabbits
were implanted with the prepared sample. The rabbits were housed
and injected with penicillin (80 units/ml) on day 3 following the
surgery. The animals were kept in two cages. All animal procedures
were performed in accordance with the protocols approved by the
local Ethical Committee and followed the Laboratory Animal
Administration Rules of China.

During the treatment period, the rabbits showed no adverse
reaction and no inflammation. At 4 weeks postsurgery, the rabbits
were sacrificed, and samples were harvested for further examination.
Photographs of the surgical procedure were taken by a digital camera.

2.6.4. Histological Examination. At 4 weeks postsurgery, the
tissues implanted with the CNFs were collected in a solution of
formaldehyde, glacial acetic acid, and absolute ethanol and embedded
in paraffin blocks. Then, the tissue sections were stained with
hematoxylin/eosin (H&E) for microscopic observation.

2.7. Characterization. 2.7.1. Fourier Transform Infrared Spec-
troscopy. Fourier transform infrared spectroscopy (FTIR; Nicolet
5700) was performed to analyze the surface modification of the
MWNTs, Fe3O4 nanoparticles and m-MWNT coated Fe3O4/PCL
fiber mats. These specimens of the m-MWNTs and magnetic
nanoparticles were made into powder and mixed with KBr at a
weight ratio of 0.5−1%.

2.7.2. Field-Emission Scanning Electron Microscopy. The
morphology of the electrospun Fe3O4/PCL fiber mats and m-
MWNT coated Fe3O4/PCL mats were characterized using a JSM-
7001F field-emission scanning electron microscope (FE-SEM, JEOL,
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Japan). The Fe3O4/PCL fiber mats were sputter coated with gold to
observe their surface topographies.
2.7.3. Field-Emission Transmission Electron Microscopy. The

microstructures of the nanofibers, the alignment and dispersion of the
Fe3O4 nanoparticles and the m-MWNT coated Fe3O4/PCL nanofiber
mats were observed by a field-emission transmission election
microscope (FE-TEM, JEM-2100F, JEOL, Japan) operating at 200 kV.
2.7.4. Vibrating Sample Magnetometer. The magnetic properties

of the Fe3O4/PCL fiber mats were measured with a vibrating sample
magnetometer (VSM, Lake Shore 7410, America) under the
conditions of 300 K, 1000 Am−1, and 16 Hz.
2.7.5. Current Signal Characterization of the Samples. The

output current signals of all samples were measured by a low-noise
current preamplifier (Stanford Research RS570). The resistance of all
samples was measured by a Keithley 6514 system.

3. RESULTS AND DISCUSSION

3.1. Design and Characterization of Self-Powered
Nanocomposites under an External Rotating Magnetic
Field. We were inspired by the concept of self-powered
nanocomposites and wireless power supply and by the reports
of magnetic nanomotors powered by a rotating magnetic field

and electrical stimulation provided by a nanogenerator
published by Zhu et al. and Rui et al., respectively.12,22−31

Accordingly, we have designed a novel conductive nanomaterial
consisting of m-MWNT coated Fe3O4/PCL fiber mats and
aimed to realize noninvasive electrical stimulation using an
external power supply. Electrospun polymer nanofibers have
recently attract interest for biological applications. Here, our
fabrication method consists of (i) the dispersion of m-MWNTs
in a mixed solution (ethanol and DCE), (ii) the preparation of
Fe3O4/PCL/DCE/DMF solution, and (iii) the incorporation
of the m-MWNTs by spraying the solution from (i). The m-
MWNTs were embedded in the Fe3O4/PCL matrix, and the
morphological interactions between the composites and the
degree of anchoring of the m-MWNTs on the surfaces were
dependent on the hydrophilicity/hydrophobicity of the species,
the absorption of the m-MWNT surfaces, the mixed solution
(DCE and DMF), the carboxyl groups on Fe3O4 and those on
the m-MWNTs forming hydrogen bonds, and the adhesion of
the m-MWNTs after acid treatment.43−45

Figure 1a−c displays the use of the scrolled fiber mats to
replace an injured nerve. A cross-sectional FE-SEM image of

Figure 1. Structural design of scrolled fiber mats self-powered by an external magnetic field and the use of these mats to replace an injured nerve. (a,
b) Schematic illustrations of a human (a) and the human’s nerves (b). (c) Schematic models of Fe3O4/PCL fiber mats coated with MWNTs. (d)
Cross-sectional SEM image of the surface of the scrolled fiber mats. (e) Schematic illustration of the fabrication of electrospinning ordered Fe3O4/
PCL fiber composites coated with m-MWNTs.
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the scrolled fiber mats is presented in Figure 1d. Additionally,
Figure 1e shows a schematic of the fabrication of electro-
spinning ordered Fe3O4/PCL fiber composites coated with m-
MWNTs. The vacuum-assisted spray technique was employed
to obtain the m-MWNT coated Fe3O4/PCL fiber mats after
electrospinning, effectively ensuring the alignment of the fibers
and the good organization of the nanoparticles on each fiber,
which impart better electrical conductivity and more stable
magnetic force. Briefly, an electrospinning apparatus with a high
speed roller was used to fabricate the flexible aligned Fe3O4/
PCL fiber mats composed of organic polymer solution and
magnetic nanoparticles dispersed in the solution. PCL was
chosen as the polymer substrate due to its high chemical
resistance, good tensile strength, great biocompatibility, and
good mechanical stability. To spray the m-MWNTs onto the
magnetic mats, the m-MWNTs were first dispersed in the
absolute ethanol, and a certain proportion of methylene
chloride was added to the m-MWNT suspensions. Ethanol
was chosen as the solvent in which the m-MWNTs were
dispersed because it could rapidly volatilize from the m-MWNT
droplets by evaporating, leaving only the dispersed m-MWNTs
on the Fe3O4/PCL nanofiber matrix. Methylene chloride was
used to coagulate the m-MWNTs on the surface of the
nanofibers and prevent the m-MWNTs from aggregating.

Furthermore, TEM, DFTEM, SEM, and HRTEM were
combined to study the possible current producing mechanism
of the m-MWNT coated Fe3O4/PCL fiber mats (Figure 2a−e).
It is can be observed from Figure 2c,d that the m-MWNTs
anchored onto the Fe3O4/PCL fiber. From the HRTEM image
in Figure 2e, we can clearly find the crystal lattices of the
magnetic nanoparticles and m-MWNTs crossed with each
other, which will supply a channel for the electronic transport
and thus contribute to the conductivity of the composites.
Thus, the output current will be enhanced by several
approaches. First, a coercive electric field will be produced by
the external magnetic field due to the dipole interactions of the
Fe3O4 magnetic nanoparticles.46,47 Second, the magnetic flux
density will be strengthened due to the perfect super-
paramagnetism of the Fe3O4 magnetic nanoparticles (Figure
2f). Finally, dipoles will be generated when the magnetic
nanoparticles are aligned by an external magnetostatic field.48

To realize noninvasive electrical stimulation using an external
power supply, an electric generating system was designed that
mainly consisted of two parts: a rotating magnetic field and the
conductive nanocomposites. The theory was important in that
some physical variables cause a change in the electrical current
produced by an external rotating magnetic field. In this paper,
the output current produced by the rotating magnetic field

Figure 2. TEM, DFTEM, SEM, and HRTEM images of Fe3O4/PCL fibers and m-MWNT coated Fe3O4/PCL fibers. TEM (a) and DF TEM (b)
images of Fe3O4/PCL fibers. SEM (c) and TEM (d) images of m-MWNT coated Fe3O4/PCL fibers. The yellow line indicates the Fe3O4/PCL fiber.
(e) HRTEM image of the lattice of the Fe3O4 magnetic nanoparticles and m-MWNTs in the fiber matrix. The yellow line indicates the lattice of
Fe3O4 and the m-MWNTs. (f) Magnetization hysteresis curve of the Fe3O4 magnetic nanoparticles.
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depends on the changes in the magnetic flux (the rotating
magnetic field strength is 300 mT). To prove the applicability
of the self-designed electric generating system, conductive
copper and insulative PCL sticks were employed simulta-
neously under the rotating magnetic field. The novel designed
electric generating system, composed of an external rotating
magnetic field, self-powered CNFs and a system for measuring
current values, is shown in Figure 3a. A Stanford Research

Systems RS570 was used as an ammeter. The cutting of the
magnetic flux using the conductive copper sticks at different
rotation speeds was measured by a low-noise current
preamplifier. Short-circuit output currents were measured
within 5 s and the rotation speed ranged from 0 to 300 rpm
(Figure 3b). It is worth noting that a higher rotating speed can
result in a higher electric output, reaching up to 2.2 mA when
the rotation speed was 100 rpm. In addition, when the rotation

Figure 3. Design of the electromagnetic induction effect under external magnetic field. (a) Schematic illustration of an electric generating system that
consists of an external rotating magnetic field, self-powered nanocomposites, and a measuring system. A Stanford Research RS570 is used as an
ammeter in the measuring system. The cross section of the nanocomposites is also shown. (b) Short-circuit current (measured within 5 s) of a
conductive copper stick under external magnetic induction lines with different rotation speeds (magnetic-cutting velocity) from 0 to 300 rpm. (c)
Short-circuit current of insulative PCL sticks under the external magnetic induction lines with different rotation speeds.
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speed was increased to 300 rpm, the short-circuit current
reached up to 6.8 mA. However, absolutely no current was
measured when the cutting stick was made of insulating PCL
instead of conductive copper, as shown in Figure 3c. This result
strongly proved that the self-designed electric generating
system was feasible.
3.2. Influence of the Output Current of the Self-

Powered Nanocomposites under an External Rotating
Magnetic Field. Figure 4 presents the layers of m-MWNT
coated Fe3O4/PCL fiber mats, as observed by cross-sectional
SEM of the fracture surface of the scrolled fiber mats.
Interestingly, the structure of the scrolled composite prepared
by the curling of the m-MWNT coated Fe3O4/PCL fiber mats
allows the fast transport of electrons.49 As shown in Figure 4d−
f, the radii of the scrolled mats are 100 μm for a 1-layer mat,
200 μm for a 2-layer mat, and 300 μm for a 3-layer mat, with an
average layer thickness of is 18 ± 3 μm. Figure 4g shows the
resistivity of scrolled sticks prepared using m-MWNTs coated
Fe3O4/PCL fiber mats with different numbers of layers,
demonstrating that the resistivity decreased from 15.52 Ω·m
(ρ = RS/L, see detail calculation described above) for a 1-layer

mat to 7.56 Ω·m for 4-layer mat. The decreased resistivity of
the scrolled stick was due to the lowered number of
discontinuous gaps and faster electron transport resulting
from increasing the number of film layers. However, the current
density of the scrolled stick was changed in a distinctive way
(Figure 4h). It is obvious that the current density first increased
and then decreased as the number of layers of the scrolled stick
increased. In particular, at a rotating speed of 350 rpm the
short-circuit current density of the 2-layer scrolled stick reached
42.8 A/m2 (Cd = I/S, see detailed calculation procedure
described above), while the current value of the 4-layer stick
was 19.9 A/m2. This phenomenon was consistent with the
result discussed above and was due to the relationship with the
intrinsic properties of the material. Hence, the effect on
electronic transmission between layers and the current density
decreased as the cross section of the material became larger.
Scrolled fiber mats with multiple layers were also used.

Regarding these multilayer m-MWNTs coated Fe3O4/PCL
fiber mats, the characteristics between layers were examined
and are shown in Figure S4. FE-SEM images (Figure S4a,b)
show that the m-MWNTs were anchored and well dispersed on

Figure 4. Performance characterization of the scrolled fiber mats with different layers. (a−c) Schematic models of m-MWNT coated Fe3O4/PCL
fiber mats with one layer (a), two layers (b) and three layers (c). (d−f) Cross-sectional SEM images of the surface of the scrolled fiber mats with 1
layer (d) at a radius of 100 μm, 2 layers (e) at a radius of 200 μm, and 3 layers (f) at a radius of 300 μm, respectively. (g) Curve of resistivity of
scrolled sticks prepared using m-MWNT coated Fe3O4/PCL fiber mats with different numbers of layers of. (h) Short-circuit current of mats with 1−
4 layers. The scale bar is 10 μm.
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the Fe3O4/PCL fiber mats. The characteristics between layers
are shown in Figure S4c−f. It can be concluded that the carbon
nanotubes were connected between two layers. We presumed
that the m-MWNTs play a key role in enhancing the electron
transfer ability and reinforcing the conductivity of the CNFs.
The m-MWNTs were connected between two layers because of
the hydrophilicity/hydrophobicity of the species, the absorp-
tion of the m-MWNT surfaces, the carboxyl groups on Fe3O4

and those on the m-MWNTs forming hydrogen bonds, and the
adhesion of the m-MWNTs after acid treatment.
The use of the electromagnetic induction effect to generate

an electric signal was closely related to the structure of the m-
MWNTs combined with the magnetic fiber mats. The output
performance of different cumulative weights of m-MWNTs
coated onto the Fe3O4/PCL fibers is shown in Figure 5.
Because of the lowered density of the network of the m-
MWNTs on the matrix, the conductivity of the scrolled stick

also decreased. In contrast, with more m-MWNTs, the
discontinuous spaces between fibers will decrease due to the
existence of the network structure of the m-MWNTs anchored
on and intertwined around the Fe3O4/PCL fibers (Figure 5b,c
and S5b,c). As FE-TEM images shown in Figure 5d−f, the
different cumulative weight of m-MWNTs also demonstrated
the uniform distribution in Fe3O4/PCL nanofiber composites.
The resistivity of the scrolled sticks obviously decreases with
the increasing content of the m-MWNTs, as shown in Figure
5g. Resistivity decreased dramatically when the content of m-
MWNTs reached 0.194 mg/cm2, indicating that the m-
MWNTs enhanced the conductivity of the scrolled stick.
Meanwhile, the electric output of m-MWNT coated Fe3O4/
PCL fiber mats was highly related to the content of m-MWNTs
such that the current amplitude rose gradually with the increase
in m-MWNT content, as shown in Figure 5h. For example,
there was almost no current when the Fe3O4/PCL fiber mats

Figure 5. (a−c) FE-SEM and (d−f) FE-TEM images of Fe3O4/PCL nanofiber composites coated with different cumulative weight of m-MWNTs.
(a, d) 0.032 mg/cm2, (b, e) 0.129 mg/cm2, and (c, f) 0.259 mg/cm2. The scale-bar is 200 nm. (g) Curve of resistivity [Ω·m] of scrolled stick
prepared using Fe3O4/PCL fiber mats coated with different cumulative weight of m-MWNTs. (h) Short-circuit current of Fe3O4/PCL fibers coated
with different cumulative weight of m-MWNTs.
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were coated with 0.032 and 0.103 mg/cm2 MWNTs, while the
current density was 3.18 A/m2 when the mats were coated with
0.129 mg/cm2 m-MWNTs. Moreover, the CNFs could reach

up to 191.1 A/m2 when the content of m-MWNTs was 0.518
mg/cm2, showing an obvious increase in the output current
density. Thus, the amount of m-MWNTs was the important

Figure 6. Working principle of the self-powered scrolled fiber mats under an external rotating magnetic field; COMSOL simulation was employed
for visualization. (a) Magnetic field in the nature stage, (b) 1/4 cycle, (c)

1/2 cycle, and (d) 3/4 cycle.

Figure 7. Demonstration of m-MWNT coated Fe3O4/PCL fiber mats replacing the injured nerve and realization of nerve stimulation. (a) Schematic
diagram of the nanofiber composites replacing the injured nerve and the local current flowing inside the nerve. (b) Schematic diagram of a bullfrog’s
hind limb with the sciatic nerve exposed and the injured part replaced by m-MWNT coated Fe3O4/PCL nanofiber composites. (c, d) Picture of a
bullfrog’s hind limb with the sciatic nerve exposed and the injured part replaced by m-MWNT coated Fe3O4/PCL nanofiber composites before
electric stimulation (c) and after electric stimulation (d). We used an alpha angle (α) to characterize the instantaneous change in muscle shape as a
result of the electric stimulation: α1 > α2.
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factor contributing to the conductivity of the self-powered
composite.
As mentioned above, m-MWNTs adhere and anchor on to

fibers, which is shown in Figures 5a−f and S5a−c. This distinct
interfacial interaction behavior can be attributed to the surfaces
of the m-MWNTs and polymer nanofibers. The pristine m-
MWNTs were easily phase-separated and agglomerated out of
the polymer matrix. On the one hand, the PCL fibers and m-
MWTNs possessed a smaller contact angle due to the mixed
solution spray; on the other hand, the hydrophilicity/
hydrophobicity of the species, the absorption of the m-
MWNT surfaces, the carboxyl groups on Fe3O4 and carboxyl
groups on the m-MWNTs forming hydrogen bonds, and the
adhesion of the m-MWNTs after acid treatment enabled their
good dispersion in the matrix. In this case, the m-MWNTs were
more likely to be embedded into the Fe3O4/PCL nanofiber.
3.3. Working Principle of Self-Powered Nanocompo-

sites under an External Rotating Magnetic Field. Figure 6
illustrates the simulated electricity generation based on the
working principle of the CNFs under an external rotating
magnetic field via Multiphysics COMSOL software. First, from
the nature stage to the 1/4 cycle, the magnetic flux density
would decrease when the magnetic field rotated, resulting in a
lower current value. Furthermore, the magnetic field rotating

from the 1/4 to the 1/2 cycle led to a continuous increase in the
magnetic flux density. At the same time, with the magnetic field
rotating to the 1/2 cycle, an increase of the magnetic flux
density with opposite polarization would induce a negative
current in the nanocomposites. The magnetic flux density
would also keep decreasing as the magnetic field rotated from
the 1/2 cycle to the 3/4 cycle. Finally, from the 3/4 cycle to the
nature stage, a decrease in the flux density induced a lower
current value. This is a full cycle of the electricity-generating
process (Video S1).

3.4. CNFs Replace an Injured Nerve to Realize
Functional Electrical Stimulation. To demonstrate the
nerve stimulation ability of the m-MWNT coated Fe3O4/PCL
fiber mats replacing an injured nerve, functional electrical
stimulation (FES) of a bullfrog’s sciatic nerve was carried out.
We successfully achieved real-time FES using using the
composites in place of an injured nerve. It could be proved
that the nanocomposite was suitable for replacing an injured
nerve as shown in Figure 7, which shows a schematic diagram
of the enlarged view of the two injured nerve connected by
scrolled fiber mats (Figure 7b) and the local current flowing
inside the nerve (Figure 7a). Throughout the experiment, the
nerve was kept wet by Ringer’s solution for amphibians.13

Under the instantaneous electrical input, vibrant foot twitching

Figure 8. (a) Viability of EC cells cultured with Fe3O4/PCL nanofibers coated with different cumulative weights [mg/cm2] of m-MWNTs for 7days.
(b) Schematic illustration of the cell culture. After the cells were attached and spread well, the fiber meshes were added and fixed in the middle of the
ring. (c) Live/dead staining of captured EC cells on different samples (containing Fe3O4/PCL nanofibers coated with different cumulative weight
[mg/cm2] of m-MWNTs) after further incubation for 1, 3, 5, and 7 days. Scale bar = 80 μm.
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was observed, resulting from the contraction of the gastro-
cnemius muscle, as visualized in Figure 7c,d. The foot twitching
was perfectly synchronized (Video S2), indicating the real-time
stimulation of the m-MWNT coated Fe3O4/PCL fiber mats
replacing the injured nerve. In fact, we have used the CNFs and
insulative PCL stick to replace the injured nerve, respectively.
The latter is the control group. As a result, no instantaneous
change in muscle shape as a result of the electric stimulation
was observed when the material replacing the injured nerve was
made of insulating PCL instead of CNFs. It should be noted
that since the action potential of the bullfrog’s sciatic nerve
ranged from −60 to −80 mV, a voltage input of at least 50 mV
at 1 Hz was necessary for innervation of the sciatic nerve.50,51

The current value means that it was limit for the m-MWNT
coated Fe3O4/PCL fiber mats to power the FES of a sciatic
nerve of a bullfrog. A power source was applied to achieve FES
using the nanocomposites.
3.5. Cytotoxicity Assay. The cytotoxicity of the CNFs

with different cumulative weights of m-MWNTs was assessed
by an Alamar Blue assay, Figure 8a shows the viability of ECs
incubated with different samples. As shown in the picture, it is
obvious that the cell viability for all samples was more than 90%
after 1, 3, 5, and 7 days of culture. After 7 days of cell culture,
the samples also show excellent biocompatibility, indicating that
both Fe3O4 and the m-MWNTs in the CNFs composites
exhibited desirable biocompatibility. Meanwhile, the cytotox-

icity of the CNFs was evaluated by optical microscopy analysis.
Representative fluorescence images are shown in Figures 8c and
S9. From these pictures, it is evident that the cells in CNF
group grew as well as those in the control group. Even after
incubation for 7 days, all cells grown in the CNF group were
similar to the control group. These results were in agreement
with an Alamar Blue assay, which strongly proved that the
CNFs with different cumulative weights of m-MWNTs always
have excellent biocompatibility and suggests that the m-
MWNTs and the Fe3O4 in the CNFs composites were almost
nontoxic.37,38

3.6. In Vivo Implantation. In vivo muscle implantation
experiments were further used to evaluate the biocompatibility
and tissue integration ability of the CNFs, as shown in Figure 9.
A muscular implant test was carried out on a rabbit’s hind limb
with different samples. Figure 9a shows a schematic of the
muscular implantation, and Figure 9b shows the surgical
procedure of the muscular implantation.
Histological analysis was further used to assess the interface

between the CNFs and musculature. Compared with the
control group, the CNF groups displayed newly formed
granulation tissue. Granulation tissue formation from the
wound edge in the musculature is a common phenomenon
during an implantation procedure. A wound healing response
continuum at the implantation site was triggered by the injury
during the surgical procedure.52,53 Granulation tissue is a stage

Figure 9. In vivo muscular implant test on a rabbit’s hind limb with different samples (CNFs containing different cumulative weights [mg/cm2] of m-
MWNTs) after 4 weeks. (a) Schematic illustration of the muscular implant test on a rabbit’s hind limb. (b) Surgical procedure of the muscular
implantation. (c) Representative micrographs of hematoxylin/eosin (HE) stained sections at 4 weeks after implantation. (c1) Control group, (c2)
0.032 mg/cm2, (c3) 0.259 mg/cm2, (c4) 0.389 mg/cm2, (c5) 0.453 mg/cm2, and (c6) 0.518 mg/cm2 (magnification ×50). The yellow arrow
indicates for granulation tissue. White scale bar = 50 μm.
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of the wound healing cascade that indicates inflammation
resolution, which is further evidenced by the presence of
fibroblast infiltration in the CNF groups. Additionally, for the
CNFs coated with fewer m-MWNTs, no foreign body giant
cells or necrotic muscle tissues were observed (Figure 9c2−c5).
For the CNFs coated with more m-MWNTs (0.518 mg/cm2),
fibroblasts and a few foreign body giant cells were observed in
the granulation tissue (Figure 9c6). All the CNFs groups
showed fibroblast cells with good morphology and no necrotic
muscle tissues. A hallmark of the final stages of wound healing
cascade is a mature fibrous capsule.52 Thin fibrous capsules
could be seen after 4 weeks in the CNF groups. Overall, the
CNFs coated with fewer m-MWNTs showed great biocompat-
ibility and well-grown fibroblast cells without necrotic muscle
tissue, muscle or even a foreign body reaction after 4 weeks.
On the basis of the electromagnetic induction effect, the

designed self-powered nanocomposites could generate power
when an external magnetic field was applied to the CNFs. The
requirement of an external power source in the electrical
stimulation process is inconvenient in biomedical application.
This work paves the way to boost the electrical stimulation in a
more convenient manner. In a proper power consumption
environment, the composites prepared in this paper can be
used. The results prove that the method of preparing the
conductive m-MWNT coated Fe3O4/PCL composites and the
electric generating system of the current values are entirely
feasible and valuable in many potential fields, such as
neurotransmission. Moreover, it is important that the current
is generated under an external magnetic field instead of using
external power voltage.

4. CONCLUSION

We have designed and fabricated self-powered CNFs consisting
of m-MWNTs, superparamagnetic Fe3O4 nanoparticles and
PCL nanofibers. The magnetic nanoparticles loaded into the
electrospinning nanofibers can both strengthen the magnetic
flux density effectively and enhance the conductive properties
of the nanocomposites as an external magnetic field is applied.
The output current density from cutting the magnetic flux can
reach up to 191.1 A/m2 under an external magnetic field.
Furthermore, the method of generating current from the CNF
using an external magnetic field in low-power consumption and
unique environments can achieve when the CNFs replaced a
bullfrog’s sciatic nerve. The CNFs possessed excellent
cytotoxicity and good enough biocompatibility to be implanted
in vivo without causing any inflammation. We believe that the
nanocomposite and the power generation method may be
applicable as a noninvasive power supply for electric
stimulation, although considerable work will be necessary to
further utilize the nanocomposite in special work environments
in the future.
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