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1. Introduction

An electrical microenvironment constructed
based on electromagnetic induction stimulates
neural differentiation

2 Ruobing Liao,? Ping Wu,© Huixing Li,® Jun Zan,?
*9¢ and Cijun Shuai @ *@f

Fangwei Qi,
Shuping Peng

Electrical stimulation is considered an effective way to accelerate peripheral nerve cell growth. However,
reliance on external wires and a power supply restricts its further applications. In this work, a wireless
magnet-powered electrical stimulation system was constructed based on the electromagnetic induction
effect. Specifically, amino-functionalized conductive MXene nanosheets were first wrapped on the PLLA
particles’ surface by electrostatic assembly. Then the conductive NH,-MXene/PLLA conduit was
fabricated by laser additive manufacturing. Triggered by a rotating magnetic field, the conduit could act
as a coil to cut magnetic induction lines, converting magnetic energy into electrical energy and thereby
achieving wireless electrical stimulation. The results indicate that the conduit presented an excellent
conductivity of 8.44 S m~?, benefiting from its formed conductive network structure. Under excitation of
the rotating magnetic field, the conduit generated an electric current of 10 pA, which is in the
appropriate range for nerve cell growth. An in vitro cell test confirmed that the generated current
effectively enhanced the PC12 cell proliferation, neurite growth and differentiation-related mRNA
(Nestin, MAP2 and Tujl) expression. Moreover, it also promoted PC12 cells to differentiate into mature
neurons, evidenced by calcium sparks produced in PC12-derived neurons. Collectively, this wireless
electrical stimulation system offers a new perspective on peripheral nerve repair.

inconvenient in actual application, but also required additional
surgery to remove wires after treatment, leading to secondary

Electrical stimulation was regarded as pivotal to promoting
peripheral nerve cell growth, which could enhance cell prolif-
eration and axon regeneration by regulating ion flux and signal
transduction.”” However, the current electrical stimulation
methods rely on an external power supply to provide electrical
signals and complicated wiring to transmit the electrical sig-
nals against cells.’ This was not only quite uncomfortable and
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damage.

Recently, implanting devices capable of performing wireless
electrical stimulation has attracted considerable attention in
nerve repair.® For instance, Tang et al.*® developed a wireless
light-powered scaffold based on an optoelectronic effect to
modulate neuronal cell behavior. In another study, Cheng
et al."* prepared a wireless self-powered nerve tissue engineer-
ing scaffold composed of PVDF and PCL to stimulate nerve
regeneration. Although these studies achieved great success in
constructing a wireless electrical stimulation device for nerve
repair, their preparation was either complex or the generated
electric current intensity was uncontrollable.

It was well established that the conductive coil could gen-
erate an induced electric current when the passing magnetic
flux changed, which is the famous Faraday electromagnetic
induction law.'? Inspired by this, we envisaged constructing a
conductive nerve conduit and then placing it in a variable
magnetic field (MF) provided by a rotating magnet. The conduit
would act as a coil to cut the magnetic induction line, convert-
ing magnetic energy into electrical energy and thus realizing
wireless electrical stimulation. More importantly, the generated
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Fig. 1 The schematic illustration of nerve guidance conduit fabrication.

electric current intensity could be controlled by regulating the
rotation speed of the magnet.

In this work, TizC,T, (MXene) nanosheets, which exhibit
excellent electrical performance,""* were first amino-func-
tionalized and then wrapped on the poly--lactic acid (PLLA)
particles’ surface through electrostatic assembly (Fig. 1). Sub-
sequently, the conductive NH,-MXene/PLLA nerve conduit with
a conductive network structure was prepared through laser
additive manufacturing. Finally, the conduit was co-cultured
with PC12 cells under a rotating MF, aiming to generate
wireless electrical signals to stimulate cell differentiation. The
morphology and physicochemical properties of the powders
were thoroughly investigated. The induced electric current
intensity of conduits under a rotating MF with various rotating
speeds was evaluated. The magnetic-electrical conversion
was simulated using COMSOL software. The effect of electric
stimulation on cell proliferation, differentiation, and differentiation-
related mRNA expression was investigated. Moreover, the func-
tion expression of PC12-derived neurons was detected. This
work not only provides a new wireless electric stimulation
strategy for accelerating nerve cell differentiation, but also
expands the application of electromagnetic induction in nerve
regeneration.

2. Experimental section
2.1. Materials

PLLA was supplied by Shenzhen Polymtek Biomaterial Co., Ltd.
(Shenzhen, China). TizC,T, MXene was provided by beike 2D
materials Co., Ltd. (Beijing, China). In addition, 3-amino-
propyltriethoxysilane (CoH,3NO;Si, APTES) was obtained from
J & K Scientific Ltd. (Beijing, China), y-aminobutyric acid
(GABA) was purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China) and dopamine (DA) was provided by Aladdin
Biochemical Technology Co., Ltd (Shanghai, China).

1672 | Mater. Chem. Front., 2023, 7,1671-1683

2.2. Synthesis of NH,-MXene

A schematic diagram of the MXene amination process is
displayed in Fig. 1. Briefly, 5 parts by weight of APTES were
added to 100 parts by weight of ethanol aqueous solution
(volume ratio of ethanol and water: 95:5), then stirred evenly,
then 20 parts by weight of MXene were added, dispersed evenly
by ultrasonication, and heated up and stirred at 60 °C for 3 h.
Finally, the amino-modified MXene (labeled as NH,-MXene)
was obtained after three washings and 24 h of drying at 60 °C.

2.3. Preparation of NH,-MXene/PLLA nerve conduit

Designed mass ratio NH,-MXene and PLLA powders were first
weighed and mixed in beakers with 20 mL of deionized water.
After that, the suspension was agitated and sonicated simulta-
neously for 6 h. A composite powder was created by filtering,
drying, and grinding the material. Lastly, laser additive manu-
facturing equipment was used to create the guide conduit,
utilizing 0.6 W laser power, 200 mm s ' scanning speed,
0.08 mm incubation distance, and 0.1 mm single-layer thick-
ness. The prepared conduits were denoted as NH,-MXene-1,
NH,-MXene-2 and NH,-MXene-3, which represented 5 wt%,
10 wt% and 15 wt% NH,-MXene in conduits, respectively.

2.4. Analysis and characterization

Scanning electron microscopy (SEM, Zeiss, Germany) and
transmission electron microscopy (TEM, FEI, USA) were used
to identify the morphologies and elemental distribution of the
samples. X-ray photoelectron spectroscopy (XPS, Thermo-VG
Scientific Ltd., UK) was used to assess the chemical composition
of samples. Zeta potential measurements (Malvern Zetasizer Nano
7590, UK) were performed on the samples redispersed in water by
sonication for 30 min.

2.5. Conductivity

The conductivity of the conduits was measured by the linear
four-probe method by placing electrodes of the 34401 A
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multimeter on the two sides of the sample. The samples’
conductivity (o) was determined using eqn (1)

6=L/IA X R) (1)

where A represents the cross-sectional area (1 mm?®) and L
represents the length (4 mm).

2.6. Wireless electrical stimulation

Using Faraday’s law of electromagnetic induction and a self-
made 0-400 revolutions per minute (RPM) rotating magnet
(0.6 T) in conjunction with a nerve conduit, the wireless
electrical stimulation-assisted neural differentiation system
was constructed.

2.7. Culture of PC12 cells

Rat pheochromocytoma (PC12) cells were chosen as the model
cell because they are commonly employed in in vitro neural
regeneration research and could be differentiated into neuron-
like cells. Before cell seeding, all conduits were disinfected in a
48-well plate with 75% ethanol (1 mL per well) and a strong UV
light. After sterilization, the samples were washed three times
with sterile PBS. Then, in the aforementioned 48-well plate,
undifferentiated PC12 cells (Procell Life Science & Technology
Co., Ltd., Wuhan, China) were seeded at a density of 4 x
10° cells per well using RPMI-1640 medium supplemented with
10% heat-inactivated horse serum, 5% fetal bovine serum,
100 pg mL ™" penicillin, and 100 pg mL™" streptomycin. Subse-
quently, different nerve conduits were placed into the plate and
culture plates were put in this wireless electrical stimulation
device for 15 min every day.

2.8. Biocompatibility of the NH,-MXene/PLLA conduit

After 5 days of co-culture, the conduits were taken out and the
cells were digested with trypsin. Then, the digested cells were
collected in the plate and stained with calcein/PI (Live/Dead,
Beyotime, Shanghai, China) and cultured for another 30 min.
Following that, the labeled cells were rinsed three times
with PBS. Finally, the cells were examined under a fluorescent
microscope (Olympus Co. Ltd., Tokyo, Japan).

A CCK-8 test was used to quantitatively examine cell pro-
liferation behavior. After 1, 3, and 5 days of culture, the cells
were trypsin digested and then fixed in PBS with 4% para-
formaldehyde for 15 min. The CCK-8 solution (Beyotime,
Shanghai, China) was diluted 1:10 with medium before being
cultured with cells in a 37 °C incubator for 2 h. Following that,
the medium from each well was collected for additional OD
value measurements at 450 nm using a multifunction micro-
plate scanner (TECAN infinite M200, Taunton, MA, USA).

2.9. Neural differentiation of PC12 cells in vitro

The cell-conduit complex was collected from the medium and
rinsed with PBS solution after culturing for 1 day under normal
conditions. Then the complex was transferred to the new
medium containing nerve growth factor (NGF, Cloud-clone
corp., Wuhan, China, 100 ng mL™") and the culture continued
in a constant temperature incubator at 37 °C. The medium was
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changed every two days. After 5 days of culture, the conduits
were taken out and the cells were digested with trypsin. Then,
the digested cells were collected in the plate and differentiation
was observed using an inverted microscope. Additionally, the
neurite length was quantified using Image]J software.

2.10. Real-time qPCR

To convert mRNA to cDNA, reverse transcription was performed
using a first-strand cDNA synthesis kit after the certain time of
differentiation. Following that, quantitative polymerase chain
reaction (qPCR) was performed and monitored in a 7500
Real-time PCR machine using PowerUp SYBR Green Master
Mix (Applied Biosystems, Thermo Fisher Scientific, USA).
Nestin, Tuj1, and MAP2 were selected for testing. Nestin is an
intermediate filament protein that is found mostly in nerve
cells and is linked to axon radial expansion. MAP2 is a neuronal
phosphoprotein that is required for neuronal morphological
and functional differentiation. Tuj1 is tubulin that aids in the
development of neurons’ neurites. Sangon Biotech (Shanghali,
China) provided the primers for Nestin, Tuj1, and MAP2 for
qPCR. To normalize the expression levels, B-actin was utilized
as a reference gene, and the results were computed using the
2744C technique.

2.11. Intracellular calcium measurement

After 5 days of co-culture of the conduit and cell, the conduits
were taken out and the cells were digested with trypsin. Then,
the cells were washed with PBS three times, and 2 uM Ca**-
sensitive indicator Fluo-4 AM (Sangon Biotech, China) was
added into the medium for 30 min at 37 °C. After washing
the cells with PBS, fluorescence pictures were monitored using
a fluorescence microscope. y-aminobutyric acid (GABA) solution
and dopamine (DA) solution (0.5 m) were selected as experimental
neurotransmitters and 100 pL of them were dripped during the
experiment. The fluorescence changes (%AF/F,) were calculated
using the formula AF/F, = (F; — Fo)/Fy x 100%, where F; was the
fluorescence of the cell after stimulation, and F, was the fluores-
cence of the cell before stimulation.

3. Results and discussion
3.1. NH,-MXene characterization

The morphology of MXene and NH,-MXene was measured
using TEM, as displayed in Fig. 2a and b. Original MXene has
a sheet-like structure with an average size of ~80 nm, whereas
NH,-MXene exhibited a similar sheet structure, which indi-
cated the incorporation of amine groups did not cause damage
to the structure of MXene.">'® Corresponding elemental
distribution (Fig. 2c—f) confirmed the successful preparation
of NH,-MXene, as evidenced by the simultaneous presence of C
and Ti elements of MXene and N elements of APTES."”*°

The chemical composition of NH,-MXene was investigated
via XPS, as shown in Fig. 2g and h. Obviously, the bonding
orbitals of C1s, N1s and Ti2p belonging to NH,-MXene were
observed, indicating the successful grafting of amine groups

Mater. Chem. Front., 2023, 7,1671-1683 | 1673


https://doi.org/10.1039/d2qm01193j

Published on 13 March 2023. Downloaded on 10/29/2025 5:54:02 PM.

Research Article

View Article Online

Materials Chemistry Frontiers

20 nm
h i 5x10°
9 NH,-MXene —— Raw spectrum NH,-MXene
— — -NH, Nis 4x10° ~— NH,-MXene
— o -l [22]
= = | -—
© S 5 3x10°
2 Cls > 8 )
@ Ti2 [ T 2x10
15 i I3 °
£ £ 1x10°
N1s
0_
0 200 400 600 800 1000 1200 398 4 4150 100 -50 0 50 100 150

Binding Energy (eV)

400 402 40
Binding Energy (eV)

Apparent Zeta Potential (mV)

Fig. 2 TEM images of (a) MXene and (b) NH,-MXene; (c—f) EDS maps of the NH,-MXene; (g) XPS wide-scan spectra, (h) high-resolution XPS spectra

of N1s core and (i) surface charge of NH,-MXene.

(Fig. 22).”° The existing form of amine groups was further
analyzed using the N1s high-resolution XPS spectrum, as dis-
played in Fig. 2h. Two obvious peaks occurring at 400.2 and
402.1 eV were observed, which correspond to free (-NH;") and
protonated amines (-NH,), respectively.”’ In addition, the
presence of Ti-N (~397.3 eV) might be due to the condensation
reaction between the amine group of APTES and the hydroxyl
group.”” Considering the positive charge of the amine groups,
the zeta potential of NH,-MXene was analyzed, as displayed in
Fig. 2i. Clearly, the zeta potentials of NH,-MXene were concen-
trated in the positive region and its mean potential reached
15.2 mV, thus further confirming the presence of amine groups
on the outer surface of MXene.>*?*

3.2. Synthesis and characterization of NH,-MXene/PLLA
powders

NH,-MXene/PLLA was prepared by ultrasonic assistance, and
the corresponding morphology is shown in Fig. 3a-c. Clearly,
the color of NH,-MXene/PLLA exhibited no obvious change
compared to NH,-MXene, and both appeared black (Fig. 3a).
It can be seen from the SEM images in Fig. 3b and c that the
surface of the PLLA particle was smooth, while the surface of
the NH,-MXene/PLLA particle was relatively rough. Further
analysis of the EDS spectra of the NH,-MXene/PLLA particle
at point I, IT and III (Fig. 3d), showed the N and Ti elements

1674 | Mater. Chem. Front., 2023, 7,1671-1683

belonging to NH,-MXene appeared, and it could be assumed
that NH,-MXene sheets were wrapped around the PLLA parti-
cles’ surface via electrostatic assembly.

The zeta potentials of MXene, NH,-MXene and PLLA were
studied, as shown in Fig. 3e. The average zeta potentials of the
original MXene and PLLA were —45.5 mV and —35.3 mV,
respectively. The results were attributed to the negative charge
of hydroxyl and carboxyl groups on their surfaces.?® In contrast,
the zeta potential of NH,-MXene powder was 14.9 mV, which
was attributed to its amine groups.> For the original MXene, it
could only be combined with PLLA through weak van der Waals
forces. For NH,-MXene, it had a positive zeta potential, which
could form strong electrostatic interaction with negative
PLLA and thus enhance their binding effect.>® Importantly,
the average zeta potentials of NH,-MXene-1, NH,-MXene-2
and NH,-MXene-3 were —18.4 mV, 14.3 mV and 16.5 mV,
respectively. The zeta potential value of NH,-MXene/PLLA
suddenly changes from negative to positive with the increase
of NH,-MXene content. These results could indicate that NH,-
MXene was completely assembled on the PLLA surface owing to
the electrostatic interaction between the oppositely charged
materials.”’

To further confirm this electrostatic adsorption, the FTIR
spectrum of NH,-MXene/PLLA was detected, as displayed in
Fig. 3f. Two new peaks at 3612 and 3419 cm ™' were observed

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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powder in point |, Il and Ill; (e) Zeta potential of MXene, NH,-MXene, PLLA, NH,-MXene-1, NH,-MXene-2 and NH,-MXene-3; (f) FTIR spectrum of PLLA

and NH,-MXene/PLLA.

after the introduction of NH,-MXene, which were attributed
to the bending vibrations of N-H.”® More importantly, the
peak position of the O-H peak in PLLA powder shifted from
3002 cm ' to 2902 em ™! after the introduction of NH,-MXene.
This phenomenon might be due to the fact that the electro-
static adsorption between PLLA and NH,-MXene reduced the
bonding electron cloud density.>**°

3.3. Characterization of nerve guidance conduit

To obtain conductor devices that generate induced electric
currents, a conductive NH,-MXene/PLLA nerve conduit was
fabricated by laser additive manufacturing. The detailed laser
additive manufacturing process was demonstrated as follows.
Firstly, the powder was preheated to a temperature lower than
its melting point, and then the powder was flattened under the
action of a scraper. Subsequently, the laser beam selectively
sintered the powder under the control of the computer.
Eventually, the conduits were rapidly manufactured with
any complex structure through layer-by-layer stacking.*'™*
As shown in Fig. 4a, clearly, the conduit presented a tubular
structure with a channel diameter of 1.5 mm, which met the
requirements of normal nerves.*> The cross-section images of
the conduit showed that NH,-MXene was dispersed preferen-
tially in the interfacial area between adjacent PLLA particles
and formed a network structure (Fig. 4b). This was ascribed to
the unique zero shear force and restricted flow formation
characteristics of laser additive manufacturing technology,
which allowed the conductive network to retain its original
structure in the matrix.®

The LED illumination test was performed to visually check
the conductivity of the conduits, as shown in Fig. 4c. Evidently,
the LED indication was clearly illuminated after connecting the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

power supply and NH,-MXene/PLLA conduit, which proved its
good conductivity.>” Moreover, the conduit’s conductivity with
different NH,-MXene content was quantified by the linear four-
probe method, as shown in Fig. 4d. The original PLLA conduit
demonstrated insulating characteristics with a conductivity of
8.7 x 107" S m™'. The conductivity of NH,-MXene/PLLA was
markedly greater than that of PLLA, indicating its good con-
ductive properties. The significantly enhanced conductivity was
attributed to the formed network structure, which could pro-
vide a continuous and efficient conductive pathway for charge
transfer.*®*! Besides, the conductivity of the conduit presented
an increasing tendency as the NH,-MXene concentration
increased. Specifically, the conductivity of the NH,-MXene-1,
NH,-MXene-2 and NH,-MXene-3 was 9.87 x 10> S m™?,
8.44 S m™' and 32.96 S m™', respectively. According to our
knowledge, the most suitable conductivity range for neural cell
growth was 1-10 S m~*.** Hence, the NH,-MXene-2 conduit was
well suited to the requirements.

To investigate the electromagnetic-induction capability of
conduits and whether NH,-MXene could convert magnetic
energy into electricity, an NH,-MXene/PLLA conduit was placed
beneath a rotating MF to simulate the process of cutting
magnetic induction lines (Fig. 4e). During the rotating MF
application, no obvious current or voltaic changes were
detected on the PLLA, whereas a significant alternating current
and voltage was detected on the NH,-MXene/PLLA conduit
(Fig. 4f-i). Additionally, the magnitude of the voltage or current
on NH,-MXene/PLLA varied with the different rotating speeds.
Specifically, when the speed changed from 100 rpm to 300 rpm,
the current was increased from 2 to 10 pA and the voltage was
increased from 0.07 to 0.21 mV. These results were consistent
with our previous assumptions, thus confirming that the

Mater. Chem. Front., 2023, 7,1671-1683 | 1675
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Fig. 4 (a) Optical photograph of nerve guidance conduit; (b) optical microscopic image of the conduit; (c) schematic diagram of the display of LED with
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voltage of (h) PLLA and (i) NH,-MXene/PLLA.

conduit containing NH,-MXene could be used as a conductor
medium to convert enough magnetic energy into electrical
energy by an electromagnetic induction effect.

3.4. Comsol simulation

Comsol simulation was used to analyze the convert relationship
between magnetic energy and electrical energy. Fig. 5a and b
show the permanent magnet’s magnetic induction line and
intensity distribution, respectively. It found that the magnetic
induction lines at both ends of the permanent magnet were
most densely distributed, which meant that these sites pre-
sented the largest magnetic induction intensity. Subsequently,
the conduit was placed in a MF generated by the permanent
magnet, with a vertical distance below the permanent magnet
(Fig. 5c). As the vertical distance increased, the magnetic
induction intensity decreased (Fig. 5d). To simulate the mean

1676 | Mater. Chem. Front., 2023, 7,1671-1683

distance from skin to the peripheral nerve (45 + 10 mm), the
distance from the magnet to the conduit was set as 5 cm in this
work.*® As shown in Fig. 5e, the permanent magnet generated
the magnetic induction lines and part of the magnetic induc-
tion line passed through the conduit. After applying 300 rpm to
the magnet, the magnetic induction intensity through the
conduit changed (Fig. 5f), and was displayed as a sine wave
with a period of 0.2 s.

According to Faraday’s law of electromagnetic induction by
the following equation:

_ﬁ%_ nSAB

RA - RA )

where n represents the number of turns, S represents the
sectional area of the magnetic circuit, R represents the resis-
tance of the conduit, and AB/At represents the change rate
of magnetic induction intensity.** Theoretically, the induced

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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conduit under rotating magnetic field at 300 rpm.

electric current would be generated when the magnetic flux
through the conduit changed. In fact, when the permanent
magnet rotated, an electric current was generated on the
conduit (Fig. 52). By analyzing the current generated (Fig. 5h),
the change frequency of the current was exactly the same as the
change frequency of magnetic induction intensity, which was
consistent with eqn (2). The above results proved that the
current generated by the conduit was caused by the change in
the magnetic flux passing through the conductor, and the
frequency could be controlled by adjusting the rotating speed.

3.5. Cell proliferation and cytotoxicity

Previous research reported that intermittent current stimula-
tion with 10 pA could provide a relatively comfortable environ-
ment to promote the growth of nerve cells.””> Combing the
above results (Fig. 4g), rotating MF with a speed of 300 rpm was
selected to treat the cell-conduit complex. The biocompatibility
of nerve cells incubated on the nerve conduits was tested by
live/dead fluorescence staining, as shown in Fig. 6a. Obviously,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

the majority of cells for all samples were viable, indicating their
good biocompatibility.***° Moreover, the number of living
cells on NH,-MXene/PLLA groups excited by rotating MF was
higher than that on the rest of the groups, which was attributed
to the generated electrical signal promoting the nerve cell
growth.50’51

The CCK-8 assay was employed to quantificationally analyze
cell proliferation, as shown in Fig. 6b. It was seen that the OD
values for all samples increased in a time-dependent manner.
After culture for 5 days, the OD value of the NH,-MXene/PLLA
groups was significantly higher than that of the PLLA groups
under the same conditions, which was consistent with the
above live/dead fluorescent staining results. Importantly, the
OD value of the NH,-MXene/PLLA groups increased from 2.27
to 2.53 after applying the rotating MF, which proved that the
NH,-MXene/PLLA conduit could better promote cell prolifera-
tion under a rotating MF.>>>® Similarly, the cell viability test
showed the NH,-MXene/PLLA group under a rotating MF had
the best promoting impact on cell growth (Fig. 6c).
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3.6. Cell differentiation

It was well established that the regeneration of a defective nerve
was accompanied by nerve cell differentiation and neurite
extension, which reflected the conduits’ ability to repair
nerves.”* The morphology of cell differentiation on the different
substrates at 5 days was studied, as displayed in Fig. 7a. Among
them, undifferentiated PC12 cells were round cells with a halo
and differentiated cells became the shape of sympathetic
neurons and grew neurites.>® By analyzing neurite outgrowth,
it could be found that cells on all groups had neurite, and the
cells cultured in NH,-MXene/PLLA under a rotating magnetic
field possessed the longest neurite, indicating its excellent
differentiation performance.”® The percentage and neurite
length of differentiated PC12 were determined from optical
images. The percentages of sympathetic neuron-like cells with
neurites in the NH,-MXene/PLLA groups significantly increased
under the same conditions, in comparison with that of the
other two groups (Fig. 7b). In particular, the percentage of
sympathetic neuron-like cells with neurites in the NH,-MXene/
PLLA (MF—) group increased from around 13.4% to 30.6%, as
compared with that of the control (MF—) group. More signifi-
cantly, the percentage of sympathetic neuron-like cells with
neurites reached 93.1% after applying a rotating MF. The
average length of neurite reflected a similar trend to the
percentage of differentiation (Fig. 7c). The average length of
neurite in the NH,-MXene/PLLA (MF+) group was higher than
that of other groups, reaching 32.9 pm. The results indicated
that the electric current generated by the NH,-MXene/PLLA
conduit mediated through rotating MF could promote differ-
entiation of PC12 cells.””*® In addition, NH,-MXene endowed
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the conduit with favorable conductivity, which could also
promote nerve cell differentiation through the recovery of
electrical signals transmission and regulation of nerve cell
membrane function.>

3.7. mRNA expression

gPCR was performed to quantitatively detect the expression of
differentiation-related mRNA. In this work, Nestin, MAP2 and
Tujl as representative mRNA were examined to assess the
differentiation of PC12 cells. As shown in Fig. 8, the mRNA
level of Nestin, MAP2 and Tuj1 did not differ significantly in the
presence or absence of MF after PC12 was co-cultured with
PLLA conduit for 5 days and 10 days, demonstrating that MF
had no obvious influence on the differentiation of PC12 cells on
the PLLA groups. Additionally, the expression of Nestin in the
NH,-MXene/PLLA group without MF was slightly upregulated at
5 days, which benefited from a conductive substrate that
promoted cell differentiation.®® Astonishingly, the expression
of Nestin was upregulated 9.2-fold in cells cultivated on NH,-
MXene/PLLA using the treatment of rotating MF for 5 days
(Fig. 8a), which was entirely different from that on PLLA under
the same culture conditions.

On the 10th day, the mRNA expression of Nestin in the cells
cultured on NH,-MXene/PLLA under rotating MF was main-
tained at 46.09 (Fig. 8b), which was remarkably higher than that
of the control groups. Significantly, cells on NH,-MXene/PLLA
with the administration of a rotating MF displayed a higher
expression of MAP2 and Tuj1 compared with those cultured on
other groups (Fig. 8c—f). High expression levels of Nestin, MAP2
and Tuj1 indicated that the electrical stimulation generated by

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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NH,-MXene/PLLA driven by the rotating MF up-regulated
the expression of differentiation-related mRNA to induce
differentiation.®* ® Therefore, the physical mechanism of elec-
tromagnetic induction promoting cell differentiation could be

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

that the NH,-MXene/PLLA conduit generated electrical signals
driven by electromagnetic induction and the generated elec-
trical signals promoted the differentiation of nerve cells by
enhancing the mRNA expression of Nestin, MAP2 and Tuj1.
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3.8. Neuronal functional assay

One typical function of mature neurons was that they could
respond to neurotransmitters for transmitting signals, and the
calcium ion (Ca®") fluorescence probe could identify the func-
tion of mature neurons by detecting calcium sparks caused by
neurotransmitter stimulation.®’ In this work, we used two
neurotransmitters (inhibitory neurotransmitter GABA and exci-
tatory neurotransmitter DA) to evaluate whether PC12 differ-
entiated cells had the function of mature neurons mediated by
the NH,-MXene/PLLA conduit under the excitation of MF.
GABA or DA could bind with receptors to change the membrane
potential of nerve cells and generate nerve impulses. Only the
nerve cells were mature, they could receive nerve impulses.
The specific performance was that the permeability of Ca*>* in
the presynaptic membrane increased, and a large amount of
Ca”" entered the synaptosome, forming a calcium spark.®

As shown in Fig. 9a, the Ca** fluorescence intensity of the initial
cells was relatively low, whereas minor cells exhibited an enhance-
ment of Ca>" fluorescence after the addition of GABA. In addition,
the long-term fluorescence curves revealed that Ca*>" fluorescence
increased within a short time and then gradually reverted to the
resting state level (Fig. 9b). The results indicated that calcium
sparks were generated and proved that some cells were mature
neurons with function.®® Similarly, the Ca** fluorescence intensity
of cells treated with DA showed the same change in trend as that
of GABA (Fig. 9c and d). These collective results indicate that

1680 | Mater. Chem. Front., 2023, 7, 1671-1683

NH,-MXene/PLLA conduits under the excitation of rotating MF
promoted the PC12 cells to differentiate into mature neurons.®”

4. Conclusions

In this study, a wireless electrical stimulation system based on
electromagnetic induction was constructed by combining a rotat-
ing magnet with a conductive NH,-MXene/PLLA conduit. The
results showed that the conduits containing 10 wt% NH,-MXene
exhibited a favorable electrical conductivity of 8.44 S m ' and
generated a current of 10 pA under the excitation of a rotating
magnetic field at 300 rpm. In vitro cell experiments confirmed that
the generated electrical signals effectively enhanced nerve cell
proliferation and differentiation, as evidenced by the increased
PC12 differentiated percentages, boosted the average neurite
length and up-regulated differentiation-related mRNA expression.
Most significantly, the neuronal functional assay showed that the
generated electrical stimulation promoted the differentiation of
PC12 cells into the mature neuron. Overall, this work provides a
potential wireless electrical stimulation strategy for nerve repair.
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