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ABSTRACT: Cochlear implantation has become the most effective treat-
ment method for patients with profound and total hearing loss. However, its
therapeutic efficacy is dependent on the number and normal physiological
function of cochlear implant-targeted spiral ganglion neurons (SGNs).
Electrical stimulation can be used as an effective cue to regulate the
morphology and function of excitatory cells. Therefore, it is important to
develop an efficient cochlear implant electroacoustic stimulation (EAS)
system to study the behavior of SGNs. In this work, we present an electrical
stimulation system constructed by combining a cochlear implant and a
conductive Ti3C2Tx MXene−matrigel hydrogel. SGNs were cultured in the Ti3C2Tx MXene−matrigel hydrogel and exposed to
electrical stimulation transduced by the cochlear implant. It was demonstrated that low-frequency stimulation promoted the
growth cone development and neurite outgrowth of SGNs as well as signal transmission between cells. This work may have
potential value for the clinical application of the Ti3C2Tx MXene hydrogel to optimize the postoperative listening effect of
cochlear implantation and benefit people with sensorineural hearing loss.
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INTRODUCTION
At present, there are about 466 million deaf people in the
world, accounting for one-third of the disabled population.
Due to the aging of the population, the abuse of ototoxic drugs,
noise, and other factors, the number of deaf people is
increasing year by year. In the development process through
continuous optimization and improvement, cochlear implanta-
tion has become the main therapeutic method for the patients
with serious and total sensorineural hearing loss.1 A cochlear
implant (CI) can emit special square-wave bidirectional pulses
that encode complex multiband speech information and
convert it into electrical signals for precise transmission to
spiral ganglion neurons (SGNs). Partial hearing is mainly
obtained by chronic electrical stimulation of residual spiral
ganglion neurons with cochlear implants.2,3 The insufficient
number and dysfunction of residual SGNs are the most
important factors that limit the effects of CI and are also the
main factors that determine hearing recovery after CI use.4,5 It
is currently believed that the restoration of hearing through
self-healing is nearly impossible in mammals with sensorineural
deafness. The fundamental reason is that the repair capacity of
adult mammalian hair cells (HCs) and SGNs after injury is
very limited.6,7 Even if some regenerated inner ear HCs could

be obtained,8 the neurites of SGNs would need to to grow and
distribute onto HCs for hearing loss repair to actually be
possible. In order to expand the indications of CI, the
regulation of the survival, regeneration, morphology, and
function of SGNs is one of the major medical problems that
urgently needs to be solved.
Electrical activity is involved in many aspects of early

neuronal development,9 implying that electrical stimulation
can manipulate the morphology and function of excitatory
cells, such as in nerve regeneration.10,11 Intracochlear chronic
electrical stimulation has been extensively studied to reduce
the degeneration of neurons.12 Studies have indicated that
axonal regeneration and muscle reinnervation could be
accelerated by low-frequency bidirectional postoperative
electrical stimulation in carpal tunnel syndrome patients.13 In
addition, direct current stimulation and chronic low-frequency
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electrical stimulation can modulate the excitability, neural
network maturation, and synchronization of neurons in vitro.14

Shen et al. found that charge-balanced bidirectional electrical
stimulation significantly reduced the length of neurites in
SGNs when the intensity more than 50 μA or the stimulation
lasted longer than 8 h.15 However, the results of these studies
were unsatisfactory. This may be due to the fact that the
regulation of various cellular behaviors by electrical stimulation
depends on cell type, cell state, and parameters of electrical
stimulation.16,17 These studies not only illustrate the
importance of electrical stimulation in reducing SGN
degeneration but also demonstrate that simple electrical
stimulation cannot regenerate the SGNs. Therefore, it is
necessary to develop an efficient cochlear implant electro-
acoustic stimulation (EAS) system and study its regulation of
the behavior of SGNs.
Recent advances in materials and technologies have brought

opportunities for regulating the growth of SGNs. The
interaction between materials and cells can be converted into
biological signals,18 triggering a series of intracellular cascade
reactions19 that ultimately lead to changes in cell behavior. The
development of suitable biomaterials is conducive to the
clinical application of SGNs, which will greatly improve the
listening effect after cochlear implantation. Nanomaterials
show great application potential in the fields of biomedicine
and tissue engineering. MXenes are late models of 2D
nanostructures.20 They have a “Mn + 1Xn” sandwich structure,

where M is a transition-metal element21 and X is a carbon
element or nitrogen element.22 MXenes not only have the
conductivity of transition metals,23 but also have the
hydrophilicity of surface functional groups.24,25 They can be
flexibly functionalized through different surface modifications.
Because of their great hydrophilicity and biocompatibility,26

MXenes have broad application prospects in the biomedical
field, such as electrochemical biosensing,27 diagnostic imag-
ing,28,29 infrared photothermal therapy (PTT),28 antibacterial
preparation,30,31 drug delivery,32 and other fields. The latest
research found that Ti3C2Tx MXene can be used as an
excellent neural interface material to facilitate the maturation
of neural stem cell (NSC) derived neurons.33 Therefore, we
chose Ti3C2Tx MXene nanosheets as the conductive element
in the EAS system.
At present, most studies focus on the regulation of 2D

substrates on cells, as it is difficult to simulate the 3D
environment of cells in vivo. To better simulate the in vivo
biological environment, a 3D in vitro culture system was
developed and applied in this study. Matrigel is an extract of
the Engelbreth−Holm−Swarm (EHS) tumor mainly com-
posed of laminin-111. It can simulate the structure,
composition, physical characteristics, and function of the cell
basement membrane in vivo, which is conducive to in vitro cell
cultures.34 At high concentrations (greater than 4 mg/mL), a
gel formed at 24−37 °C. BME−matrigel is widely used in
tissue and cell transplantation studies, including stem cells, and

Figure 1. Characterization of Ti3C2Tx MXene and the Ti3C2Tx MXene−matrigel hydrogels. (a) High-resolution TEM image of Ti3C2Tx
MXene nanosheets. Scale bar represents 200 nm. (b) Raman spectrum of Ti3C2Tx MXene. (c) XPS pattern of Ti3C2Tx MXene. (d) Resistivity
of Ti3C2Tx MXene−matrigel hydrogels with different concentrations. (e) Mechanical stress test results of the matrigel hydrogel and the
Ti3C2Tx MXene−matrigel hydrogel. (f) Equilibrium swelling ratio of the matrigel hydrogel and the Ti3C2Tx MXene−matrigel hydrogel. (g)
SEM image of the matrigel hydrogel. Scale bar represents 20 μm. (h) SEM image of the Ti3C2Tx MXene−matrigel hydrogel. Scale bar
represents 20 μm. (i) Side view of the matrigel hydrogel (top) and the Ti3C2Tx MXene−matrigel hydrogel at a concentration of 80 μg/mL
(bottom). Data are presented as mean ± SD (*P < 0.05, ****P < 0.0001; and n.s. is P > 0.05, no significant difference).
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higher survival and tissue regeneration rates were observed.35

Therefore, we constructed a 3D culture system by incorporat-
ing Ti3C2Tx MXene nanosheets into a matrigel hydrogel
(Ti3C2Tx MXene−matrigel) and investigated the regulation of
the system on cells. Moreover, we further established cochlear
implant electroacoustic stimulation (EAS) system based on the
Ti3C2Tx MXene−matrigel and explored the development of
mouse SGNs and its regulation of the neural network
formation and performance in vitro. This work has the
potential to optimize the postoperative listening effect of
cochlear implantation and benefit people with sensorineural
hearing loss.

RESULTS AND DISCUSSION
Successful Preparation of Ti3C2Tx MXene and the

Ti3C2Tx MXene Hydrogel. We synthesized Ti3C2Tx MXene
solution by chemically etching the Al atomic layer in Ti3AlC2
in a mixture of HCl and LiF. Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and transmission electron
microscopy (TEM) were used to verify the successful
preparation of the Ti3C2Tx MXene. It could be observed
from the TEM image that the prepared Ti3C2Tx MXene
displayed a monolayer nanosheet structure with lateral sizes in
the range of several hundred nanometers (Figure 1a). It could
be seen from the Raman spectrum (Figure 1b) that Ti3C2Tx
had various characteristic peaks in the range of 100−800 cm−1.
The region between 230 and 470 cm−1 represented the
vibrations of surface groups attached to titanium atoms, which
influenced by the surface atoms. The 580−730 cm−1 region
was mainly attributed to carbon vibrations. The full XPS
spectrum also presented a typical Ti3C2Tx MXene pattern
(Figure 1c), showing that Ti3C2Tx MXene was mainly
composed of Ti, C, and O. The above results suggested that
we had successfully prepared Ti3C2Tx MXene. Subsequently,
we evaluated the stability of Ti3C2Tx MXene by comparing the
changes in compositional elements and the absorbance of the
Ti3C2Tx MXene solution over time (Supplementary Figure 1).
The scanning electron microscopy (SEM)−energy-dispersive
X-ray spectroscopy (EDX) results showed that the Ti element
content in Ti3C2Tx MXene gradually decreased with time
while the O element content gradually increased (Supple-
mentary Figure 1a), indicating that the Ti3C2Tx MXene
oxidized slowly with time. The absorbance changes were
quantified by fitting the data to the function f(x) = y0 + Ae−x/τ,
where τ is the time constant, A is the amplitude, and y0 is the
offset value.36 The results showed that the τ of Ti3C2Tx MXene
stored at low temperature (LT) (17.5 days) was larger than
that of Ti3C2Tx MXene stored at room temperature (RT)
(11.2 days) (Supplementary Figure 1b and c). After 30 days of
storage, the Ti3C2Tx MXene stored at LT was significantly
darker than that stored at RT (Supplementary Figure 1b).
These results suggested that the stability of Ti3C2Tx MXene
decreased gradually with time and was significantly improved
by storage in a LT environment.
2D Ti3C2Tx MXene was used in our previous work. In order

to better simulate the microenvironment in vivo, it is necessary
to establish a conductive 3D culture system based on Ti3C2Tx
MXene. Next, we constructed Ti3C2Tx MXene−matrigel
hydrogels by incorporating different concentrations of the
Ti3C2Tx Mxene solution into the matrigel. The electrical
conductivity of Ti3C2Tx MXene−matrigel hydrogels with
different concentrations was then evaluated by resistivity
tests. Compared with the pure matrigel (40.7 ± 2.78 KΩ-cm),

the Ti3C2Tx MXene−matrigel hydrogels had lower resistivities.
As the Ti3C2Tx MXene concentration increased, the resistivity
became smaller and smaller (80 μg/mL, 37.8 ± 2.43 KΩ cm;
200 μg/mL, 24.4 ± 1.36 KΩ cm; and 300 μg/mL, 13.9 ± 1.20
KΩ-cm; Figure 1d), indicating that the incorporation of
Ti3C2Tx MXene enhanced the conductivity of the matrigel
hydrogel. The mechanical properties of the matrigel hydrogel
and the Ti3C2Tx MXene−matrigel hydrogel were assessed. It
was demonstrated that the incorporation of Ti3C2Tx MXene
did not change the mechanical stress of the matrigel hydrogel
(Figure 1e). The cross-linking index of the material was
measured by the equilibrium swelling ratio. There was no
significant difference between the hydrogels (168 ± 9.85% for
the matrigel vs 176 ± 22.7% for Ti3C2Tx MXene−matrigel , p
= 0.5992, Figure 1f). To observe the surface ultrastructure of
the matrigel and the Ti3C2Tx MXene−matrigel hydrogel, we
performed SEM imaging. As shown in Figure 1g and h, there
was no obvious difference in structure between the two
hydrogels; both had large pores, which are conducive to cell
adhesion and growth. We further detected the elemental
composition of the matrigel and Ti3C2Tx MXene−matrigel
using SEM-EDX spectra to prove the incorporation of Ti3C2Tx
MXene into the matrigel (Supplementary Figure 2). The
results showed that signals of the main elements of Ti3C2Tx
MXene such as Ti and F were not detected in the matrigel
hydrogel analysis area (Supplementary Figure 2a) but were
detected in the Ti3C2Tx MXene−matrigel hydrogel analysis
area (Supplementary Figure 2b), suggesting the successful
incorporation of Ti3C2Tx MXene into the matrigel. In addition,
the cavity diameter of the hydrogel did not change after
Ti3C2Tx MXene was integrated into the matrigel (17.22 ± 6.07
μm for the matrigel vs 18.25 ± 5.97 μm for Ti3C2Tx MXene−
matrigel, p = 0.0992; Supplementary Figure 2 c and d). Figure
1i shows the side views of the matrigel and Ti3C2Tx MXene−
matrigel hydrogel. It can be observed that the the hydrogel
turned black after the addition of Ti3C2Tx MXene.
Ti3C2Tx MXene−Matrigel Hydrogels Exhibit Great

Biocompatibility. The cytotoxicity of a material determines
its application in the biomedical field. Therefore, we examined
the biocompatibilities of a pure matrigel hydrogel (0 μg/mL)
and Ti3C2Tx MXene−matrigel hydrogels with SGNs at
concentrations of 40, 80, 100, 200, and 300 μg/mL. Live
and dead cells were labeled with Calcein-AM and EthD-1,
respectively. Immunofluorescence images showed that the vast
majority of SGNs were living cells after three days of culture in
Ti3C2Tx MXene hydrogels (Supplementary Figure 3a). More
than 98% of the cells were Calcein-AM positive, and different
concentrations of Ti3C2Tx MXene hydrogels had no obvious
effect on the survival of SGNs (Supplementary Figure 3b). In
addition, we used the WST-8-based cell counting kit-8 (CCK-
8) cytotoxicity assay to examine the cytotoxicities of different
concentrations of Ti3C2Tx MXene−matrigel hydrogels to
SGNs from day 3 to day 9 (Supplementary Figure 3c). The
results showed that there was no obvious difference in cell
viability with the increase of Ti3C2Tx MXene concentration,
indicating that the Ti3C2Tx MXene−matrigel hydrogels had
little cytotoxicity to SGN. We also observed the morphology of
SGNs cultured in Ti3C2Tx MXene hydrogel by SEM, as shown
in Supplementary Figure 3d. SEM images suggested that the
SGNs had a normal cell morphology in the Ti3C2Tx MXene
hydrogel. SGNs cultured in Ti3C2Tx MXene hydrogels with
different concentrations were as viable as those cultured in the
pure matrigel hydrogel and even exhibited better neurite
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growth. The above results indicate that the Ti3C2Tx MXene−
matrigel hydrogel exhibits great cytocompatibility and is an
excellent interface material for SGNs.
The Ti3C2Tx MXene−Matrigel Hydrogel Regulates the

Growth of SGNs In Vitro. The core of tissue engineering is to
explore the regulation of cell behavior by the physical and
chemical properties of biomaterials.37 Therefore, we inves-
tigated the regulation effects of conductive hydrogels with
different concentrations (40, 80, 100, 200, and 300 μg/mL) of
Ti3C2Tx MXene on SGNs compared with the pure matrigel
hydrogel (0 μg/mL). The results showed that SGNs grew well
at all concentrations after seven days of culture (Figure 2a). In
addition, the neurite length of the SGNs showed that Ti3C2Tx

MXene hydrogels at concentrations of 40−100 μg/mL
significantly promoted the outgrowth of neurites (0 μg/mL,
159 ± 80.3 μm; 40 μg/mL, 205 ± 84.7 μm; 80 μg/mL, 232 ±
98.4 μm; 100 μg/mL, 221 ± 93.7 μm; 200 μg/mL, 164 ± 79.0
μm; and 300 μg/mL, 106 ± 46.2 μm, Figure 2b). In order to
further determine which concentration was more suitable for
the growth of SGNs, we cultured SGNs with Ti3C2Tx MXene
hydrogels at different concentrations and investigated the
development of growth cones. The growth cones, special
structures composed of actin at the neurite terminal, can
respond to intracellular signals and sense changes in the
external environment. We analyzed multiple morphological
indicators of the growth cones, including growth cone area,

Figure 2. The Ti3C2Tx MXene−matrigel hydrogel promoted the growth of SGNs in vitro. (a) Representative immunofluorescence 3D images
of SGNs after seven days of culture in hydrogels with different concentrations of Ti3C2Tx MXene. SGNs were labeled with Tuj1 (red), and
nuclei were labeled with DAPI (blue). (b) Representative immunofluorescence images of growth cones of SGNs after three days of culture in
hydrogels with different concentrations of Ti3C2Tx MXene. SGNs were labeled with Tuj1 (red), and growth cones were labeled with
phalloidin (green). Scale bar represents 5 μm. (c) Statistics of the neurite length of cultured SGNs in the experiment shown in panel a. (d)
Statistics of the growth cone area of the cultured SGNs in the experiment shown in panel b. The unit of the ordinate is micrometers squared
(μm2). (e) Number of growth cone filopodia of cultured SGNs in the experiment shown in panel b. Data are presented as mean ± SD (n.s. is
P > 0.05, ****P < 0.0001).
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filopodia number, and filopodia length. As the Ti3C2Tx MXene
hydrogel concentration increased, the growth cone area of
SGNs gradually increased (0 μg/mL, 11.0 ± 4.36 μm2; 20 μg/
mL, 13.8 ± 7.05 μm2; 40 μg/mL, 27.3 ± 12.3 μm2; 60 μg/mL,
39.7 ± 14.4 μm2; 80 μg/mL, 45.5 ± 17.0 μm2; and 100 μg/
mL, 54.7 ± 17.9 μm2; Figure 2c), exhibiting a significant
difference from 40 to 100 μg/mL. When the concentration was
increased to 60−100 μg/mL, the filopodia number of SGNs

increased gradually and significantly (0 μg/mL, 2.71 ± 2.03; 20
μg/mL, 2.89 ± 1.23; 40 μg/mL, 3.45 ± 2.05; 60 μg/mL, 5.69
± 1.66; 80 μg/mL, 7.65 ± 3.13; and 100 μg/mL, 8.83 ± 3.71;
Figure 2d). What’s more, increasing the Ti3C2Tx MXene
concentration in the hydrogel had no significant effect on the
filopodia length of cultured SGNs (data not shown). There
was no significantly difference in the three parameters of the
growth cones and the neurite length of SGNs between 80 and

Figure 3. The cochlear implant−Ti3C2Tx MXene−matrigel hydrogel−EAS system promoted the growth of SGNs. (a) Representative
immunofluorescence images of SGNs cultured in the Ti3C2Tx MXene hydrogel (left) and the cochlear implant−Ti3C2Tx MXene−matrigel
hydrogel−EAS system (right). Scale bar represents 40 μm. The top panels are the front-view images, and the bottom panels are the 3D
reconstruction images. SGNs were labeled with Tuj1 (red), and nuclei were labeled with DAPI (blue). (b) Average neurite lengths of SGNs
in the control and EAS groups. The unit of the ordinate is micrometers (μm). (c) Immunofluorescence images of SGN growth cones in the
Ti3C2Tx MXene hydrogel with our without EAS for (i) the control group and (ii) the EAS group. Growth cones were labeled with phalloidin
(green), and SGNs were labeled with Tuj1 (red). Scale bar represents 5 μm. (d) Statistical graph of the growth cone area. The unit of the
ordinate is micrometers squared (μm2). (e) Statistical graph of the number of filopodia. (f) Statistical graph of the filopodia length. The unit
of the ordinate is micrometers (μm). (g) mRNA expression levels of relevant adhesion molecules. Data are presented as mean ± SD (*P <
0.05, **P < 0.01).
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100 μg/mL. Therefore, subsequent experiments adopted a
Ti3C2Tx MXene hydrogel with a concentration of 80 μg/mL.
Cochlear Implant−Ti3C2Tx MXene−matrigel Hydrogel

Electroacoustic Stimulation System Promotes the
Neurite Outgrowth of SGNs. We further prepared an EAS
system based on a Ti3C2Tx MXene−matrigel hydrogel and CI.
In our previous study, we found that high-frequency EAS can
cause neurotoxicity, while low-frequency EAS can promote the
proliferation and differentiation potential of NSCs.33,38 There-
fore, in this study, we mainly explored the effects of low-
frequency EAS on SGNs. To evaluate the biocompatibility of
the cochlear implant−Ti3C2Tx MXene−matrigel hydrogel−
EAS system, we performed EAS on SGNs for seven days, with
continuous low-frequency stimulation for 10 min every day.
The morphologies of the SGNs in both the control (Ti3C2Tx
MXene−matrigel hydrogel without EAS) and EAS (Ti3C2Tx
MXene−matrigel hydrogel with EAS) groups were normal, but
SGNs with the EAS treatment seemed to grow better with
longer neurites (222 ± 60.9 μm for the control group vs 243 ±
70.0 μm for the EAS group, p = 0.0033; Figure 3a and b).
Combined with the biocompatibility results (Supplementary
Figure 3), the results illustrated that this system was not
neurotoxic to SGNs. These results suggested that the cochlear
implant−Ti3C2Tx MXene−matrigel hydrogel−EAS system was
cytocompatible and could be used to study the regulation of
the behavior of SGNs in vitro.
In order to explore how the cochlear implant−Ti3C2Tx

MXene−matrigel hydrogel−EAS system regulated the neurite
development of SGNs, we focused on the development of
growth cones (Figure 3c). We performed cochlear implant-
based EAS on SGNs cultured in the Ti3C2Tx MXene hydrogel

for three days, with continuous stimulation for 10 min per day.
The area of the growth cone and the length and number of the
filopodia were statistically analyzed. Compared with control,
both the area of the growth cone (32.0 ± 9.26 μm2 for the
control group vs 43.2 ± 12.1 μm2 for the EAS group, p =
0.0206; Figure 3d) and the number of filopodia (6.56 ± 2.35
for the control group vs 9.33 ± 2.55 for the EAS group, p =
0.0288; Figure 3e) significantly increased after EAS. There was
no significant difference in the length of filopodia between the
two groups (3.18 ± 1.70 μm for the control group vs 3.27 ±
1.59 μm for the EAS group, p = 0.7217; Figure 3f). Since cell
adhesion is closely related to the maintenance of cell expansion
and function,39 we detected the mRNA expression levels of
seven related genes, namely, Cdc42, Diap3, Fak, Fscn2, myosin-
10, paxikin and vinculin, using RT-qPCR (Figure 3g). It was
found that the expression levels of Cdc42, Fak, myosin-10, and
vinculin increased significantly after the cochlear implant−
Ti3C2Tx MXene−matrigel hydrogel EAS. After the cochlear
implant EAS, SGNs cultured in the Ti3C2Tx MXene−matrigel
hydrogel had longer neurites and larger growth cone areas and
filopodia. These results indicated that EAS has a positive
regulatory effect on the growth of SNGs in the Ti3C2Tx
MXene hydrogel.
The Cochlear Implant−Ti3C2Tx MXene−matrigel Hy-

drogel EAS System Promotes the Formation of Neural
Networks. Synapsin-1 and postsynaptic density protein 95
(PSD95) have been shown to be closely related to synaptic
maturation and synaptic plasticity.40 To explore whether the
SGNs cultured in the Ti3C2Tx MXene hydrogel were mature,
we used immunofluorescence staining to detect the synaptic
density of neurons cultured for 14 days. The SGNs in both the

Figure 4. Effect of EAS on the synaptic development of SGNs cultured in the Ti3C2Tx MXene hydrogel. (a) Representative low-magnification
image of SGN synaptic staining after 14 days of culture in the Ti3C2Tx MXene hydrogel with or without EAS. Scale bar represents 20 μm.
Synapsin-1 was used as a marker for presynapsin (red), PSD95 was used as a marker for postsynapsin (green), DAPI was used to label the
nucleus (blue). (b) High-magnification view of the synapse in the area of the white dotted box in panel a (control group, top; EAS group,
bottom). Scale bar represents 2 μm. (c) Statistical plot of synaptic puncta densities per 50 μm where synapsin-1 and PSD95 overlapped. (d)
Tracking map of the fluorescence intensity corresponding to the control group in panel b. (e) Tracking map of fluorescence intensity
corresponding to the EAS group in panel b. Data are presented as mean ± SD (**P < 0.01).
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control group and the EAS group formed neural networks, and
both synapsin-1 and PSD95 were widely expressed on axons
(Figure 4a). An enlarged view of the neuronal synaptic staining
showed that both synapsin-1 and PSD95 were speckled and
colocalized on axons of SGNs (Figure 4b). The intensities of
the synapsin-1 and PSD95 fluorescent spots in the control and
EAS groups were traced, and the results demonstrated that
these two proteins exhibited strong colocalization signals in
both groups (Figure 4d and e, respectively). This suggested
that synapses of the SGNs had mature potential, and resulted
in normal synaptic structures. The above results indicated that
the Ti3C2Tx MXene hydrogel EAS system did not influence
the expression or colocalization of the two synapse proteins.
The number of SGN synapses in the Ti3C2Tx MXene−
matrigel hydrogel was significantly higher after cochlear
implant EAS. (25.6 ± 2.87 for the control group vs 29.5 ±
4.37 for the EAS group, p = 0.0029; Figure 4c). Fluorescence
intensity tracing results also showed that there were more
synaptic puncta signals in the EAS group (Figure 4d and e).
These results highlighted the ability of this system to promote
SGN development and maturation. Low-frequency EAS may
promote the formation of neural networks, but further
experimental verification is required.
SGNs Cultured in the Cochlear Implant−Ti3C2Tx

MXene Hydrogel−EAS System Produce a Higher
Frequency of Calcium Oscillation In Vitro. As a second
messenger, Ca2+ plays an important regulatory role in the
development and maturation of SGNs.41,42 In order to study
the effect of the Ti3C2Tx MXene hydrogel on calcium

oscillations of SGNs, we used the Ca2+ fluorescent probe
Fluo4-AM to detect the change in Ca2+ concentration in
SGNs. Figure 5a displays the fluorescence intensity informa-
tion for SGNs at certain times. The six panels on the right
show the calcium oscillation cycle of a single SGN, showing
the change of the fluorescence signal from weak to strong and
then weak again (Figure 5a, right). From normalized
waveforms of calcium oscillations of SGNs on the Ti3C2Tx
MXene hydrogel with or without EAS (Figure 5b), we could
observe that SGNs in both groups had calcium oscillations.
The amplitude, pulse width, and the interval between calcium
oscillations reflect the relative magnitude, the duration, and the
frequency of intracellular calcium oscillations,43 respectively.
Therefore, we quantified these three waveform parameters of
calcium oscillations. There was no significant difference in
amplitude after EAS (18.2 ± 9.29 for the control group vs 16.8
± 7.64 for the EAS group, p = 0.0565; Figure 5c), but the
shorter pulse width was shorter (6.48 ± 2.11 s for the control
group vs 5.98 ± 2.32 s for the EAS group, p = 0.0108; Figure
5d) and the frequency was higher (interval times of 11.5 ±
10.1 s for the control group vs 4.85 ± 6.60 s for the EAS group,
p < 0.0001; Figure 5e). These results suggested that EAS
resulted in no change in the relative amplitude but led to a
shorter duration and higher frequency of calcium oscillations in
SGNs in the Ti3C2Tx MXene−matrigel hydrogel, implying that
the cochlear implant−Ti3C2Tx MXene−matrigel hydrogel−
EAS system could accelerate the signal transmission induced
by Ca2+ of SGNs in vitro. They may enhance signaling by
increasing connections between synapses. The SGNs exhibited

Figure 5. Ti3C2Tx MXene−matrigel hydrogel−EAS system affected calcium oscillations of mice SGNs in vitro. (a) Representative image of
transient Ca2+ changes during calcium oscillations in SGNs. The shade of the color reflects the different intracellular Ca2+ concentrations.
The six panels on the right side represent the decomposition of the calcium oscillation cycle for a single SGN. Scale bar represents 50 μm.
(b) Calcium oscillation tracer waveform of SGNs in (i) the control group and (ii) the EAS group. (c−e) Statistical results showing the
amplitude, pulse width, and interval time of calcium oscillations, respectively. Each point represents a calcium oscillation-related parameter
of the cells. Data are presented as mean ± SD (*P < 0.05, ****P < 0.0001).
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a higher frequency of calcium oscillation events in the cochlear
implant−Ti3C2Tx MXene−matrigel hydrogel−EAS system,
which further reflected the role of this system in promoting
the formation of neural networks.
Differential Gene Analysis of SGNs. Next, we performed

RNA sequencing (RNA-seq) on SGNs in the control and EAS
groups. Using the FPKM values of all genes in each sample, the
correlation coefficients of samples were calculated and drawn

into a heat map (Figure 6a). The results suggested that R2

between pairs of all samples was ≥0.948, and the correlation
coefficient of samples within groups was greater than that
between groups, indicating that the similarity of expression
patterns among samples was high and the biological repetition
was reliable. After the quantification of gene expression was
complete, genes with significantly different expression levels
were screened. The distribution of the differentially expressed

Figure 6. Differential gene analysis of SGNs in the control and EAS groups. (a) Heat map showing the gene expression level correlation
between samples. The values were the squares of the correlation coefficients. (b) Volcano plot of differentially expressed genes between the
control group and the EAS group. The abscissa represent the change of gene expression multiple between the two groups (log2FoldChange), and
the ordinate represents the significance level of the expression difference between the two groups (−log10PADj). |log2FoldChange| ≥ 1 and padj≤
0.05 were the screening standards for differential genes. Up-regulated genes are shown as red dots (right), down-regulated genes are shown
as green dots (left), and genes with no difference are shown as blue dots. (c) GO enrichment analysis. The abscissa is the gene ratio, and the
ordinate is the 20 enrichment GO terms. The sizes of the dots represent the number of genes enriched, and the color represents the
significance of enrichment. (d) Cluster heat maps of differentially expressed genes in the control group and the EAS group. The ordinate is
the normalized value of the differential gene FPKM. The colors represent the expression level. (e) mRNA expression levels of genes in the
cluster heat map. Data are presented as mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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genes between the control group and the EAS group was
visually demonstrated with a volcano plot (Figure 6b). A total
of 469 genes were significantly different between the control
group and the EAS group, including 254 up-regulated genes
and 215 down-regulated genes. This result indicated that the
expression of endogenous genes of SGNs during growth was
significantly different after EAS. GO function analysis based on
differential genes was performed at the three levels of
biological process (BP), cell composition (CC), and molecular
function (MF) (Figure 6c). The scatter plot showed that 20
GO terms were significantly enriched at each of the three
levels. The main BPs were involved in the regulation of ion
transmembrane transport, cation channel activity, and synaptic
plasticity. The nodes in the directed acyclic graphs (DEGs)
were mainly enriched in the postsynaptic membrane, the
synaptic membrane, the ion channel complex, and the synapse.
The main MFs were related to gated channel activity, passive
transmembrane transporter activity, ion channel activity, and
cell adhesion molecule binding. The expression levels of 14
related genes were clustered, which indicated that the
expression of Pik3r5, Nos2, Rac2, Fyb, Fgb, Bdkrb2, Slit3,
Irak3, Col6a6, and Ptgs2 was up-regulated and the expression
of Cav1, Gabra2, Prkcb, and Slc8a3 was lower in the EAS group
(Figure 6d). To further confirm the analyzed data, we verified
the mRNA expression levels of these genes by qPCR (Figure
6e). The results showed that the expression of Cav1, Gabra2,
Slc8a3, Pik3r5, Nos2, Rac2, Fyb, Fgb, Bdkrb2, Slit3, Irak3, and
Ptgs2 was consistent with the clustering results. However, the
expression of Prkcb was up-regulated, while that of Col6a6 was
not significantly different. This inconsistency may be due to
the fact that RNA-seq was used for large-scale screening and
reflected the overall gene expression trend of the samples, so it
could not guarantee that the change trend of each gene was
consistent with qPCR. The genes with significant differences
between the two groups were significantly enriched in ion
transmembrane transport, synaptic transmission, synaptic
plasticity, and cell adhesion. Based on the above results, the
cochlear implant−Ti3C2Tx MXene−matrigel hydrogel−EAS
system might affect these related functions of SGNs and thus
regulate the neurite growth, maturation, synaptic plasticity,
neural network formation, and signal transmission of SGNs.
In future studies, it is necessary to establish animal models of

SGN injury and explore the implantation route of Ti3C2Tx
MXene-based conductive hydrogels and cochlear implants into
the inner ear. Further in vivo functional validation is required,
including the survival and growth of the SGNs, the function of
neurons, and hearing restoration in model animals. The
coordinated regulation of a conductive hydrogel and specific
signaling pathways on SGNs can be further studied to further
facilitate the regeneration of SGNs after injury and the
recovery of auditory function. If SGNs can be synergistically
regulated using the Ti3C2Tx MXene−matrigel hydrogel in
combination with various signaling pathways, it will be helpful
for the clinical application of the Ti3C2Tx MXene−matrigel
hydrogel to promote the recovery of SGNs, thereby optimizing
the postoperative listening effect of cochlear implantation.

CONCLUSION
In summary, our findings demonstrated that the Ti3C2Tx
MXene−matrigel hydrogel had a certain promoting effect on
the growth of SGNs compared with matrigel hydrogel alone.
Ti3C2Tx MXene−matrigel hydrogel exhibited great cytocom-
patibility and was an excellent interface material for SGNs.

What’s more, the introduction of a 3D low-frequency cochlear
implant−Ti3C2Tx MXene−matrigel hydrogel−EAS system
could further enhance the regulatory effect on SGN growth
and neural network formation in vitro. This system may have
potential application for the establishment of a comprehensive
technical system for cochlear implantation and SGNs repair.
This will expand the scope of application of CI, and help more
patients with sensorineural hearing loss to recover or increase
hearing perception.

METHODS
Animals. The mice used in the experiments were approved by the

Animal Care and Use Committee of Southeast University and agree
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The wild-type (WT) mice used were the FVB
strain.
Preparation of Ti3C2Tx MXene and Hydrogels. The hydro-

thermal reaction kettle was cleaned with a NaOH solution and
deionized water. LiF (1 g), deionized water, and HCl (10 mL) were
added to the dried hydrothermal reaction kettle, and the mixture was
stirred with a magnetic stirrer. Then, to the mixture was slowly added
MAX (1 g). After the hydrothermal reaction kettle was wrapped with
plastic wrap, it was placed in a water bath (40 °C), and the mixture
was stirred continuously for at least 24 h. The next day, the liquid in
the hydrothermal reaction kettle was transferred to centrifuge tubes
and centrifuged at 3500 rpm for 10 min. The supernatant was
discarded, and the precipitant was shaken to resuspend it with
deionized water and centrifuged again. After each centrifugation, the
speed was increased by 500 rpm until the final centrifugation speed of
7500 rpm. Finally, the Ti3C2Tx MXene solution was obtained after
resuspension with deionized water. Concentration determination and
TEM detection were then performed.

The night before the experiment, the matrigel (CORNING,
354234) was fully thawed in an ice box placed in a 4 °C freezer. The
matrigel, UV-sterilized Ti3C2Tx MXene, extracted SGNs, and the
culture medium (or water, when used for characterization) were
mixed and prepared into precursor solutions of Ti3C2Tx MXene at
different concentrations, with the matrigel accounting for 70%. The
solution was mixed gently to avoid air bubbles, then t a volume of the
precursor solution was transferred to a Petri dish or mold and placed
in an incubator at 37 °C for 3−5 min. Subsequently, the Petri dish
was inverted for 2−3 min to allow it to solidify uniformly and form a
stable hydrogel.
Characterization of Ti3C2Tx MXene and the Ti3C2Tx MXene−

matrigel Hydrogel. The morphologies of Ti3C2Tx MXene nano-
sheets were observed by TEM (JEM-2100). The Raman spectra of
Ti3C2Tx MXene were obtained with a Raman microscope (HORIBA
Scientific, LabRAM HR Evolution, France), and the surface chemical
pattern was obtained on an X-ray photoelectron spectrometer (XPS,
Thermo Fisher Scientific, Nexsa, USA). Stability studies were
performed using SEM−EDX and UV−vis measurements of aqueous
Ti3C2Tx MXene, which were performed on a UV−vis spectropho-
tometer (BioTek, CYTATION5 imaging reader).36,44 For UV−vis
measurements, 100 μL aliquots of the aqueous solution of Ti3C2Tx
MXene in eppendorf tubes were stored in a laboratory drawer or a 4
°C refrigerator in a dark environment for 30 days. One tube was taken
and vortexed for each measurement and then diluted to a
concentration of 300 μg/mL. The absorbance value at 785 nm was
used to quantify the change in Ti3C2Tx MXene over time. The porous
structure of the Ti3C2Tx MXene hydrogel was observed through SEM
(SEM, Zeiss, Ultra Plus, Germany). The hydrogels were analyzed
using SEM coupled with EDX to confirm that the Ti3C2Tx MXene
nanosheets were successfully integrated into the matrigel. The
equilibrium swelling ratio (ESR) of the Ti3C2Tx MXene−matrigel
hydrogel was calculated using the following formula: ESR = (Ws −
Wd)/(Wt − Wd), where Ws is the weight of the hydrogel after swelling
equilibrium, Wd is the dry weight of the gel, and Wt is the initial
weight of the gel.
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Culture of Spiral Ganglion Neurons. DMEM/F12 medium
(Gibco, 11330−0032), 10% fetal bovine serum (Pansera, P30-3302)
and 50 μg/mL ampicillin formed the day 1 culture medium (SGN1).
Growth factors, including B27, N2, 10 ng/mL FGF, 20 ng/mL EGF,
and 50 ng/mL IGF, were added to the DMEM/F12 medium to
prepare the complete medium (SGN2) required for SGNs. The P2−
P3 (P = postnatal) wild-type mice were first subjected to freezing
anesthesia. After being treated with alcohol, the temporal bones were
dissected under a stereomicroscope in HBSS (Gibco, C14175500BT).
The organ of Corti was then removed, and the modiolus was
transferred to PBS (Sigma, P5493). After collection, the modiolus was
digested with preheated 0.125% trypsin (Gibco, 15050065) in a 37 °C
incubator for 8 to 10 min. After the digestion solution was changed to
the culture medium, the modiolus was gently pipetted several times to
dissociate the tissue, then filtered to obtain a single-cell suspension.
Ti3C2Tx MXene and cells were mixed into matrigel to make a certain
concentration of hydrogel, and the proportion of matrigel was 70%.
After the hydrogels were solidified, the SGN1 medium was added, and
the samples were then placed in a 37 °C incubator with a carbon
dioxide concentration of 5%. The next day, the SGN1 medium was
replaced with the SGN2 medium. The SGN2 medium was changed
every two days.
Cytotoxicity Test. For Calcein-AM/EthD-1 staining, 4 mM

Calcein-AM (Thermo Fisher Scientific, c3099) and 2 mM Ethd-1
were diluted with DMEM/F12 to final concentrations of 2 and 0.5
μM, respectively. The medium was removed, and the cells were
washed with PBS and incubated with a prepared Calcein-AM/EthD-1
solution above at 37 °C for 30 min in the dark. Then the cells were
washed three times with PBS for 5 min each time and observed and
captured by a laser scanning confocal microscope.

For the Cell Counting Kit-8 (CCK-8) assay, the medium and
CCK-8 (Beyotime, C0039) reagent were prepared in a ratio of 10:1.
The medium was removed, and the cells were washed with PBS and
incubated with diluted CCK-8 solution at 37 °C for 2 h in the dark.
After the incubation, the reacted solution was transferred to another
96-well plate, and the absorbance was measured at 450 nm.
Real-Time Quantitative PCR (RT-qPCR). The cell recovery

solution (CORNING, 354253) was used to separate the cells from
the Ti3C2Tx MXene−matrigel hydrogel. Cells were then incubated on
ice for 20−30 min. After centrifugation, the cells with 1 mL of Trizol
were left standing on ice for 10 min until they were fully lysed.
Centrifugation was then performed at 14 000 g for 15 min. The
supernatant was carefully taken out, and chloroform (0.2 mL) was
added to the samples. The samples were then mixed well, placed on
ice for 5 min, and centrifuged again at 14 000 g for 15 min.
Subsequently, the upper aqueous phase containing RNA was carefully
gathered. An equal volume of isopropanol was added, and the samples
were placed on ice for 10 min and then centrifuged at 14 000 g for 10
min. To wash the sediment, 1 mL of 75% ethanol (prepared with
DEPC water) was used. After the sample was centrifuged at 7500 g for
5 min, DEPC water (50 μL) was added to solubilize the RNA. The
above operations are all carried out at a low temperature. The mRNA
was reverse transcribed into cDNA by using a cDNA synthesis kit
(Thermo Fisher Scientific, K1622). The reverse transcription reaction
was performed at 42 °C for 1 h, then at 95 °C for 5 min. RT-qPCR
was performed with SYBR Green Master (Roche, 04913914001). The
comparative cycle threshold (2 −ΔΔCt) method was used to analyze the
data.
Immunofluorescence. The samples were fixed with 4%

paraformaldehyde (PFA) for 1 h at room temperature (RT) and
then permeabilized with 0.1% PBST (0.1 M PBS with 0.01% Triton
X-100). Specifically, for PSD95 staining, the samples should be
incubated with 0.1× pepsin (DAKO, S3002) for 3−5 min for
antigenic repair. This step was not necessary for other antigen stains.
The cells were blocked with a blocking solution for 1 h at RT, then
the solution was replaced with the corresponding primary antibody at
4 °C overnight. The primary antibodies used in this work are as
follows: anti-PSD95 (Millipore, MAB1596), anti-Tuj1 antibody
(Abcam, ab78078), and anti-Synapsin-1 antibody (Cell Signaling
Technology, 5297T). The cells were washed three times with 0.1%

PBST and then incubated with the corresponding secondary
antibodies and DAPI for 1 h at RT. The secondary antibodies
included donkey antirabbit 555 (Invitrogen, A31572), donkey
antimouse 555 (Invitrogen, A31570), goat antimouse IgG2a 488
(Invitrogen, A21131), and Alexa fluor 488 phalloidin (Thermo Fisher
Scientific, A12379). Finally, the antifluorescence quencher DAKO
(DAKO, S3023) was used to cover the slides. A Zeiss LSM900
confocal microscope was used to observe and capture images.
Scanning Electron Microscope. For cell samples, 2.5%

glutaraldehyde was used to fix the cells overnight at 4 °C. After
being washed four times with PBS on ice, the samples with PBS were
placed in a −80 °C refrigerator for freezing. For different hydrogels,
deionized water was directly added for freezing. Then, a vacuum
desiccator was used to dry the cells and hydrogels. Before imaging, the
samples should be fixed on the SEM sample holder with conductive
tape and sprayed gold for five or six times. Finally, the samples were
scanned in the high-vacuum mode for observation and imaging.
Calcium Imaging. The F-127 solution and Flou4-AM (Thermo

Fisher Scientific, F14201) were mixed in equal volumes to prepare a
working stock solution. The stock solution was diluted to a working
concentration with phenol red-free DMEM/F12 medium (Thermo
Fisher Scientific, 11039021). The diluted working solution was then
added to cell samples, and samples were incubated in dark for 10−15
min. After being washed three times with PBS, the samples were
placed in phenol red-free DMEM/F12 medium for further imaging.
The processed samples were observed with the 20× or 40× water
immersion objective of a two-photon microscope (Zeiss, LSM-710).
Images were taken every 600 ms in the time series mode, and a total
of 500 images were continuously collected in one field of view. The
resolution was selected as 512 × 512. The ROI of each cell and the
change of background fluorescence intensity over time were directly
extracted with ImageJ software. The standard fluorescence intensity
(ΔF) is the ROI fluorescence intensity divided by the background
fluorescence intensity.
Electroacoustic Stimulation of SGNs in Ti3C2Tx MXene−

Matrigel Hydrogel. The cochlear implant electroacoustic stim-
ulation system was constructed as previously described.38,45 Briefly,
the Ti3C2Tx MXene hydrogel served as the corresponding reference
electrode and matrix for the cell culture. The transmission of electrical
signals was accomplished by placing the cochlear implant on a printed
circuit board (PCB). The reference electrode and 22 full-frequency
bands on the PCB can be connected to electrode of the CI. Signals
were then transmitted from PCB to the platinum electrodes in the cell
culture system on the other side. Thus, the sound was converted into
EAS.
Data Processing and Statistics. All experiments were performed

in three or more biological replicates. Cytomorphological indicators
were measured by ImageJ. Graphing and analysis were done through
GraphPad Prism 6 and Microsoft Excel. Statistical analysis was carried
out using two-tailed unpaired Student’s t test and one-way ANOVA.
Significant differences were considered when p < 0.05. All data are
expressed as mean ± SD. Figures were combined in Adobe Illustrator
CS6 software.
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