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Introduction
Hearing loss impairs cognitive development, mainstream 
social integration, and maintenance of quality of life. In 
addition, the risk of dementia and Alzheimer’s disease in 
elderly populations with hearing loss also increases [1]. 
Sensorineural hearing loss (SNHL) is usually caused by 
damage to the auditory sensory epithelium or auditory 
cortex afferent nerve pathways, including the degenera-
tion or loss of hair cells (HCs) and spiral ganglion neu-
rons (SGNs) [2]. The inherent repair ability of mature 
sensorineural tissue in the mammalian cochlea after 
injury is quite limited and insufficient to support spon-
taneous and effective regeneration. Therefore, the degen-
eration or loss of SGNs is permanent. The factors causing 
the loss of SGNs mainly include noise exposure, side 
effects of ototoxic drugs, infection, genetic factors, and 
aging (Graphical abstract image) [3–5].
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Abstract
Cochlear implants can directly activate the auditory system’s primary sensory neurons, the spiral ganglion neurons 
(SGNs), via circumvention of defective cochlear hair cells. This bypass restores auditory input to the brainstem. 
SGN loss etiologies are complex, with limited mammalian regeneration. Protecting and revitalizing SGN is critical. 
Tissue engineering offers a novel therapeutic strategy, utilizing seed cells, biomolecules, and scaffold materials 
to create a cellular environment and regulate molecular cues. This review encapsulates the spectrum of both 
human and animal research, collating the factors contributing to SGN loss, the latest advancements in the 
utilization of exogenous stem cells for auditory nerve repair and preservation, the taxonomy and mechanism of 
action of standard biomolecules, and the architectural components of scaffold materials tailored for the inner ear. 
Furthermore, we delineate the potential and benefits of the biohybrid neural interface, an incipient technology in 
the realm of implantable devices. Nonetheless, tissue engineering requires refined cell selection and differentiation 
protocols for consistent SGN quality. In addition, strategies to improve stem cell survival, scaffold biocompatibility, 
and molecular cue timing are essential for biohybrid neural interface integration.
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SGNs located in Rosenthal’s spiral canal can be divided 
into type I and type II afferent neurons (Fig. 1). As shown 
in Fig. 1B, most of them are type I, the cell body extends a 
peripheral process towards the organ of Corti, and a cen-
tral process to the cochlear nucleus, which is responsible 
for transmitting auditory information from the inner hair 
cell (IHCs) to the auditory brainstem, and has different 
sensitivity to sound and spatial firing rate. The SGNs form 
synapses on the baso-lateral surface of hair cells at differ-
ent positions along the basilar membrane, which underlies 
the topology of cochlear tones and enables the cochlea to 
encode sound intensities with a much wider dynamic range 
and facilitates speech recognition in noisy backgrounds 
[6]. A cochlear implant (CI) with direct stimulation of the 
auditory nerve is currently the only effective treatment 
for severe and profound SNHL; however, its efficacy is 
limited by the quantity and physiological condition of the 
remaining SGNs. Thus, the maintenance and regeneration 
of SGNs and their synapse are critical for SNHL therapy. 
The development of tissue engineering offers new hope for 
SNHL by integrating exogenous stem cells along with bio-
molecules on scaffolds, which on the one hand can provide 
nutritional support and guidance to the injured host nerve, 
and on the other hand can be integrated into the host as 
a neural substitute or relay [7, 8]. It is foreseeable that the 
new generation of biohybrid neural interfaces constructed 
by tissue engineering will greatly improve upon issues such 
as poor interface compatibility and narrow dynamic range 
of sound coding that exist in conventional CIs.

In this review, we synthesize the pivotal factors and 
underlying mechanisms contributing to SGN degenera-
tion. Furthermore, we delineate the current state of SGN 
protection and the potential of stem cell replacement 
therapies. We comprehensively categorize and scrutinize 

the role of biomolecules, along with an analysis of the 
utility and mechanisms of action of various bioactive 
molecules. Additionally, we survey the progression in the 
development of biomaterial scaffold systems designed to 
support neural tissue engineering applications. In con-
clusion, we highlight the cutting-edge potential of biohy-
brid neural interfaces as a novel class of materials with an 
immense prospect in the realm of neural interface engi-
neering. Collectively, these insights pave the way for inno-
vative therapeutic strategies and tissue engineering-based 
approaches to treating sensorineural hearing loss SNHL.

Major causes of spiral ganglion neuron loss
Noise exposure
Noise is a common cause of SNHL, which is mainly char-
acterized by decreased auditory sensitivity and increased 
hearing threshold, manifested as temporary threshold 
shift (TTS) or permanent threshold shift (PTS). Hear-
ing threshold shift is mainly correlated with noise inten-
sity, frequency, and exposure time [9]. Moderate TTS is a 
manifestation of protective purinergic hearing adaptation 
and is characterized by reversible noise-induced damage 
to stereocilia or synapses [10]. PTS represents permanent 
damage to HCs and synapses, which can be confirmed 
by the loss of IHC ribbon synapses, swelling of afferent 
terminals of SGNs, and secondary or primary neuronal 
degeneration [11–14]. Exposing mice to moderately wide 
frequency noise for 4 consecutive weeks led to an increase 
in the expression of their SGN purinergic receptors, medi-
ating enhanced medial olivocochlear reflex [15]. High-
intensity noise exposure (> 100 dB sound pressure level, 
SPL) or repetitive overstimulation can induce demyelinat-
ing lesions in SGNs, and the effects of such injuries may 
be delayed for months or years [16]. Surprisingly, even 
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mild auditory trauma associated with TTS results in more 
than 50% loss of synapses between cochlear nerve fibers 
and IHCs, but no loss of HCs and no change in hearing 
threshold [17]. This form of impairment is considered to 
be one of the major causes of hidden hearing loss, which 
causes patients to lose speech recognition and music 
appreciation in complex sound environments [18]. Noise 
exposure-induced SGN degeneration varies according to 
its corresponding cochlear topology, with a significantly 
higher incidence in the base than the apex. Correspond-
ingly, SGN degeneration leads to reduced cochlear nerve 
nuclear volume, apoptosis, and smaller nuclei [19].

Increased oxidative stress, excessive release of excit-
atory neurotransmitters, altered ionic environment, and 
decreased blood flow are all potential mechanisms of 
noise-induced hearing loss (NIHL) [20, 21]. In addition, 
there is increasing evidence that cochlear inflammation 
also appears to be involved. The cochlea has previously 
been described as an immune-privileged organ that pro-
tects the auditory system from immune system responses. 
Resident macrophages in the mammalian cochlea have 
been continuously found to be distributed in areas of spi-
ral ligament, SGN, stria vascularis, basilar membrane, 
and bone spiral lamina, suggesting the innate immunity 
of the cochlea [22–24]. The number of activated macro-
phages in the basal curvature of the basilar membrane, 
spiral ligament, and spiral limbus regions increases signifi-
cantly under noise exposure [25, 26]. Like microglia, acti-
vated cochlear macrophages also undergo morphological 
changes. Following acoustic trauma, cochlear macrophage 
protrusions become shorter and change their shape into 
an amoeboid phenotype, with increased proliferation and 
phagocytosis [27, 28]. Compared to TTS, mice with PTS 
have more severe damage to the stria vascular and spi-
ral ligament fibrocytes, and significantly higher levels of 
cochlear proinflammatory cytokine (such as IL-1β、IL-6, 
and TNF-α) expression [29]. TNF-α was found to mark-
edly elevate the generation of nitric oxide (NO) and the 

expression of inducible nitric oxide synthase (iNOS). The 
inhibition of iNOS significantly mitigated TNF-α-induced 
HC death and caspase-3 activation [30]. Moreover, TNF-α 
treatment augmented the expression of phosphorylated 
p38 and phosphorylated ERK, which contributed to 
the amplification of the pathological response [30–32]. 
Noise-induced intracochlear IL-6 expression has also 
been shown to be detrimental, leading to excessive and 
prolonged inflammatory responses. IL-6 blockers, tocili-
zumab, MR16-1, etc., have shown therapeutic effects on 
NIHL by suppressing neuronal loss [33, 34]. IL-1β activa-
tion in macrophages contributes to noise-induced hearing 
loss, but inhibition doesn’t reverse damage [35].

Aging
Age-related loss of HCs and SGNs is a major contribu-
tor to age-related hearing loss (ARHL), which affects half 
of the population older than 75 years [4]. Early ARHL 
manifests as reduced speech recognition and impaired 
frequency resolution in noisy environments [36]. Cur-
rently, effective clinical treatment options for ARHL 
are limited to medical devices such as hearing aids and 
CIs, but they are premised on the presence of sufficient 
numbers of SGN [37]. ARHL is often accompanied by 
accelerated loss of SGN due to genetic and environmen-
tal interactions, and advanced stages of SGN degenera-
tion may occur independently of age-related HC loss. 
The major pathways involved include the IGF-1 pathway 
and the lipophilic/steroid hormone pathway [4]. Studies 
have shown that CBA / CAJ mice with early noise expo-
sure are more susceptible to ARHL [38]. But even in the 
absence of noise exposure throughout life, CBA / CAJ 
mice exhibited ARHL and the loss of cochlear synapses 
and nerves can be observed simultaneously [39]. Wong 
et al. suggested that damage and accumulation of various 
etiologic factors combine to cause ARHL [40]. Improving 
cochlear defense against oxidative stress through antioxi-
dant intervention is a reasonable and feasible approach to 

Fig. 1  (A) The organ of Corti. (B) A schematic diagram illustrating the transmission of sound from the sensory epithelium to the auditory central nervous 
system, highlighting the subtypes of the SGN
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prevent ARHL. Increased mitochondrial DNA mutations 
in patients with ARHL may lead to accelerated cellu-
lar damage by reactive oxygen species (ROS) [41]. Cop-
per/zinc superoxide dismutase is the first line of defense 
against ROS-induced oxidative damage, and its absence 
leads to significant loss of SGNs in mice [42]. Mitochon-
drial damage also affects apoptosis and cellular calcium 
signaling. Calcium dysregulation is a critical factor in the 
pathogenesis of age-related hearing loss and SGN degen-
eration. Nuclear factor kappa B (NF-κB), a key regulator 
of calcium signaling, is essential for preventing excito-
toxic damage and neural degeneration in the cochlea. 
The absence of NF-κB activity leads to disrupted calcium 
homeostasis, exacerbating age-related hearing loss and 
SGN degeneration without hair cell loss or endocochlear 
potential decline [43]. Furthermore, NF-κB knockout 
mice also showed increased sensitivity to low-level noise 
exposure. It is generally accepted that age-related neu-
ronal death modalities mainly result from apoptosis [44, 
45]. However, in the auditory cortex, iron deposition and 
ferroptosis may also contribute to presbycusis, character-
ized by speech comprehension and speech localization 
difficulties [46]. Changes in the expression of excitatory 
and inhibitory transmitters and receptors in auditory 
central neurons with age can also lead to changes in 
sound perception and affect signal processing [47].

Ototoxic drugs
More than 150 ototoxic drugs have been discovered, the 
most common of which include aminoglycoside antibi-
otics (AABs), loop diuretics, and antitumor drugs (e.g., 
cisplatin) [48]. AABs, such as Tobramycin, Gentamicin, 
Amikacin, and Neomycin, are known to induce oto-
toxicity, which compromises inner ear cell function. It 
is widely accepted that AABs exhibit toxic effects on 
SGNs, primarily manifested as auditory and vestibular 
disorders. This is due to the damage caused by AABs to 
the hair cells in the inner ear, which are responsible for 
detecting sound and maintaining balance. These antibiot-
ics penetrate the blood-cochlear barrier and blood-brain 
barrier, accumulating within the inner ear, particularly 
in sensory hair cells and supporting cells. Their mecha-
nisms of action include direct damage to hair cells by 
interfering with their metabolism, leading to cell death 
and subsequent hearing loss. Additionally, AABs inhibit 
key enzyme activities, such as adenosine acidase and 
ribosomal S12 protein, which can affect cellular energy 
metabolism and protein synthesis, resulting in cell dam-
age. Furthermore, these antibiotics may cause abnormal 
increases in intracellular calcium ion concentrations, 
triggering apoptosis and damaging hair cells. Lastly, 
AABs can impact cell membrane stability, disturbing 
the balance of substances across the membrane and fur-
ther cell damage [48–50]. Cisplatin produces ototoxicity 

primarily through inhibition of the cochlear antioxidant 
defense system and activation of the apoptotic pathway 
in the inner ear, involving 62% of adult patients and 60% 
of pediatric patients [51]. Specifically, cisplatin is highly 
active on thiol-containing molecules such as glutathi-
one, and its depletion leads to the accumulation of ROS 
[52], which in turn leads to the activation of apoptosis 
[53]. After cisplatin exposure, autophagic flux in SGNs is 
activated to counteract cisplatin-induced oxidative stress 
[54]. Febles et al. found that the combined use of antioxi-
dants, p53 inhibitors, and neurotrophic factors (NTFs) 
was otoprotective against cisplatin exposure [51]. Given 
the risk of ototoxicity, especially with long-term or high-
dose usage, it is crucial for healthcare professionals to 
carefully assess patient conditions and risk factors when 
prescribing these medications, and to implement neces-
sary measures to monitor and prevent ototoxicity.

Infections
Many viruses can cause SNHL, and cytomegalovirus 
(CMV) is a major source of infection leading to con-
genital deafness [55]. Systematic evaluation and meta-
analysis based on clinical data showed that CMV-positive 
fetuses tested by amniocentesis had a 22% probability of 
exhibiting severe SNHL at birth [56]. Additionally, in a 
mouse model of CMV infection, Sung et al. found that 
peripheral CMV infection resulted in focal cochlear 
infection and inflammation. Moreover, 50–60% of mice 
had significantly elevated auditory brainstem response 
(ABR) thresholds and reduced numbers of SGNs, syn-
apses, and neurites, but the number and morphology of 
hair cells in the organ of Corti were preserved. CMV-
induced SGN death may result from the simultaneous 
activation of the p53/JNK and NLRP3/caspase-1 signal-
ing pathways leading to apoptosis and pyroptosis [57, 58]. 
Wu et al. found that inhibition of inflammasome assem-
bly by blocking apoptosis-associated speck-like protein 
containing caspase recruitment domains could inhibit 
the activation of caspase-1, thereby rescuing the death 
of SGNs and ameliorating hearing loss in CMV-infected 
mice [59]. Additionally, Rubella, Lymphocytic chorio-
meningitis virus (LCMV), human immunodeficiency 
virus (HIV), herpes simplex virus (HSV), and other vari-
ous viruses can also induce congenital or acquired deaf-
ness [55]. According to clinical case analysis, the 2019 
coronavirus disease (COVID-19) infection is also a high-
risk factor for SNHL [60]. The results of both transient 
evoked otoacoustic emissions and high-frequency pure-
tone threshold amplitudes demonstrated a substantially 
higher likelihood of hearing impairment in COVID-
19-positive patients [61]. Although steroid therapy is the 
standard means to improve SNHL induced by COVID-
19 infection, less than half of patients benefit from treat-
ment [62].
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Genetic factors
Hereditary hearing loss is also the most common type of 
congenital deafness, accounting for approximately 50% 
of congenital hearing loss [63–66]. In addition, genetic 
factors are also associated with some late-onset hearing 
loss. Patterns of inheritance of hearing loss-associated 
genetic variants typically include autosomal dominant, 
autosomal recessive, or X-linked [67]. Currently, more 
than 120 non-syndromic hearing loss genes have been 
identified (https://hereditaryhearingloss.org). Among 
these, mutations in genes associated with neuronal sur-
vival and synaptic transmission are more likely to cause 
primary SGN degeneration, such as POU class 3 homeo-
box 4 (POU3F4) and soluble carrier family 17 (sodium-
dependent inorganic phosphate cotransporter), member 
8 (SLC17A8) [68]. POU3F4 is widely expressed in the 
otic mesenchyme, which is essential for axon bundling of 
SGN development. Disrupted formation of SGN form-
ing radial bundles and synapses causes malformations 
of middle and inner ear development when POU3F4 
is deleted in the otic mesenchyme [69]. Postnatally, 
POU3F4 knockdown also leads to apoptosis of SGNs, 
but does not appear to result in changes in the propor-
tion of SGN isoforms [70]. SLC17A8 encodes vesicular 
glutamate transporter-3 (VGLUT3), which is respon-
sible for the accumulation of glutamate in the synaptic 
vesicles in cochlear hair cells and the release of glutamate 
to auditory nerve middle terminal receptors. It has been 
shown that SLC17A8 exon 2 deletion mice lack auditory 
nerve reflexes to auditory stimuli, but have detectable 
ABR evoked by dotclick stimuli and otoacoustic emis-
sions [71]. Variants in genes associated with HC and 
supporting cell (SC) degeneration predispose to second-
ary degeneration of SGNs. Gap junction protein, beta 2 
(GJB2) expressed in SCs is a commonly mutated gene 
causing mild to severe nonsyndromic deafness and is 
involved in transcellular signaling, metabolic supply, and 
fluid homeostasis [72]. The Otoferlin (OTOF) gene muta-
tion leads to a reduction and apoptosis of SGNs, which 
may be a secondary defect due to the lack of otoferlin in 
IHCs. Glutamatergic synaptic inputs are important for 
the survival of SGNs [73]. Study also shows that hypo-
thyroidism causes a defect in the pruning of afferent type 
II SGNs and delays the maturation of OTOF expression 
[74]. However, there is currently no effective pharma-
cological treatment for congenital deafness caused by 
OTOF mutations. An ongoing clinical trial is investigat-
ing the safety and efficacy of gene therapy using an AAV 
serotype 1 carrying a human OTOF transgene (AAV1-
hOTOF) for children with autosomal recessive deafness 
9. Preliminary results show that AAV1-hOTOF gene 
therapy is safe and effective in improving hearing and 
speech perception in these children [75]. Additionally, 
mutations in other genes, including antioxidant defense 

and mitochondria-related genes, can also render humans 
vulnerable to other deafness factors, which can further 
exacerbate SGN damage [76].

Three elements of tissue engineering strategies to 
preserve and regenerate spiral ganglion neurons
The concept of tissue engineering was first proposed 
by the National Science Foundation in 1987 and was 
also known as " regenerative medicine “, which refers to 
the utilization of bioactive substances to reconstruct or 
repair organs and tissues through bioengineering tech-
niques. At present, tissue engineering has made great 
progress in many fields, for example, tissue-engineered 
skin and cornea have been used in clinical applications. 
The core of tissue engineering is to establish a three-
dimensional spatial complex of cells and biomaterials, 
which mainly involves three elements: seed cells, scaffold 
materials, and growth factors.

Seed cells
The challenges of regenerative strategies for auditory 
neurons include not only the survival and migration of 
transplanted stem cells to functional regions but also 
their functional integration with the host. Therefore, the 
selection of appropriate candidate cells is crucial. Taking 
stem cells as seed cells to participate in SGN regenera-
tion is an important strategy, and commonly used stem 
cells mainly include resident stem cells of the organ of 
Corti as well as other exogenous stem cells. Multipotent 
inner ear stem cells with self-renewal capacity, expressing 
marker genes for the developing inner ear and nervous 
system, were first identified in the adult mouse utricular 
sensory epithelium in 2003 by Li et al. [77]. Additionally, 
the existence of SGN-neural stem cells (NSCs) with self-
renewal ability and potential to differentiate into different 
subtypes of SGN has offered new hope for SGN regen-
eration [78]. Unfortunately, the number of SGN-NSCs 
dramatically decreases with age [79]. Senn et al. also con-
cluded that the number and limited proliferative capacity 
of stem cells in the adult cochlea are insufficient to dif-
ferentiate into inner ear cell types [80]. Therefore, exoge-
nous stem cells seem to be the preferable seed cell source 
for SGN regeneration, including embryonic stem cells 
(ESCs), NSCs, induced pluripotent stem cells (iPSCs), 
mesenchymal stem cells (MSCs), and others.

ESCs are multipotent, self-renewing cells derived 
from the developing blastocyst [81]. As early as 2003, 
investigators were able to differentiate mouse ESCs into 
inner ear progenitors carrying genes related to inner ear 
development [82]. As illustrated in Fig. 2A(i), the use of 
human embryonic stem cell (hESCs) otic progenitors to 
generate SGNs was first reported by Chen et al. (2012). 
More critically, this study also showed that these SGNs 
generated from stem cells could be injected into an 

https://hereditaryhearingloss.org
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auditory neuropathy model, where native SGNs had been 
destroyed by ouabain administration, and were incor-
porated into the spiral ganglion to produce a degree of 
functional restoration of hearing. This paves the way for 
a new auditory regenerative strategy [83]. Subsequently, 
Matsuoka et al. refined the protocol for inducing step-by-
step differentiation of hESCs into SGN-like cells based 
on the key processes and signaling pathways of SGN lin-
eage development, as depicted in Fig. 2A(ii). The refined 
steps followed the developmental order inherent in hESC 
differentiation into SGNs, in descending order from 
non-neuronal ectoderm, preplacodal ectoderm, early 

prosensory ONPs, late ONPs, and cells with cellular and 
molecular characteristics of human SGNs. The optimized 
differentiation protocol seemed to increase the propor-
tion of the target cell population.

Generating functional neurons from ESCs capable of 
accurately encoding and transmitting sound informa-
tion to the brainstem is no easy task. Matsuoka et al. 
co-cultured SGNs with brainstem slices and only one-
fifth of the cells responded to electrical stimulation [84]. 
Despite subsequent research efforts by other groups, 
such as attempts to induce differentiation using a three-
dimensional culture system [85], there remained limited 

Fig. 2  (A) Schematic summary of two protocols and schedules for generating late-stage ONPs from undifferentiated human ESCs. (B) Protocol for 
neurosensory lineage from hiPSCs. kDMEM, Knockout Dulbecco’s modified Eagle’s medium; KOSR, Knockout serum replacement; NEAA, Nonessential 
amino acids; L-Gln, L-Glutamine; BME, β-mercaptoethanol; FGF3, Fibroblast growth factor 3; FGF10, Fibroblast growth factor 10; EGF, Epidermal growth 
factor; IGF1, Insulin-like Growth Factor 1; bFGF, Basic fibroblast growth factor; DFNB, Dulbecco’s Modified Eagle’s Medium (DMEM) with Ham’s F12 and 
N2/B27; SHH, Sonic hedgehog; NTF3, Neurturin; BDNF, Brain-derived neurotrophic factor; OSCFM, otic stem cell full media (DFNB plus 20 ng/ml bFGF, 50 
ng/ml IGF1 and 20 ng/ml EGF); CDM, Chemically defined medium; NBCDM, CDM plus 1% N2 and 2% B27; BMP4, Bone Morphogenetic Protein 4; FGF2, 
Fibroblast growth factor 2; IWP-2, Insulin-like growth factor binding protein 2; Wnt-3a, Wingless-type MMTV integration site family member 3a; ATRA, All-
trans retinoic acid; NNE, nonneuronal ectoderm; PPE, preplacodal ectoderm; ONP, Otic neuron progenitor; OEP, Otic epithelial progenitors; HFF, Human 
foreskin fibroblasts; NBM, Neurobasal A with 1% N2, 2% B27, 2 mM L-Gln and 0.5% penicillin/streptomycin; Noggin, NOGGIN neuralogenic cell-specific 
growth inhibitor
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progress in the functional maturation of the induced 
SGN-like cells.

Glutamatergic primary auditory neurons possess a 
large number of ion channels, a key feature of which is 
the ability to reliably track high-frequency stimuli [86]. 
Needham et al. found that sensory neurons derived from 
hESCs, although reliably activated by stimulation with a 
train of 20 pulses per second (pps), were markedly dif-
ferent from auditory neurons when subjected to high-
frequency stimulation at 50 pps in mammals [87]. This 
suggests that manipulation of in vitro differentiation 
alone may not enable terminal differentiation of auditory 
neurons. Moreover, spontaneous activity and electri-
cal stimulation can promote mature electrophysiological 
phenotype in auditory neurons [88].

Adult NSCs can also be used to replace SGNs, mainly 
NSCs derived from the hippocampus and olfactory 
mucosa. It was shown that the formation of new rib-
bon synapses was observed by co-culturing neurons 
derived from SD rat embryos (E12-E14) NSCs with P3 
rat cochlear sensory epithelial explants [89]. Zhang et 
al. demonstrated that the migration of olfactory NSCs 
into the cochlea via the transplantation route through 
the lateral wall of the cochlea may proceed through gaps 
present in the basement membrane and eventually dif-
ferentiate into SGNs [90]. Xu et al. highlighted olfac-
tory NSCs’ ability to secrete NTFs to protect SGNs from 
injury, including nerve growth factor (NGF) and neu-
rotrophin 3 (NT-3) [91]. As early as 2005, Regala et al. 
found that several types have the potential to reconstruct 
the neuronal conduit after neuronal injury between the 
inner ear and the central nervous system by implanting 
ESCs, adult NSCs, and fetal dorsal root ganglia into the 
injured vestibulocochlear nerve of adult rats and guinea 
pigs [92]. In the same year, a study from the Hearing and 
Communication Research Centre at Karolinska Institutet 
also raised the possibility that embryo DRG xenotrans-
plantation may offer therapeutic possibilities for patients 
with profound deafness [93]. However, there are fewer 
sources of cell donors as mentioned above.

Takahashi et al. reprogrammed adult fibroblasts to an 
embryonic-like state, termed iPSCs, by introducing POU 
class 5 homeobox 1 (Oct3/4), SRY-box 2 (Sox2), myelo-
cytomatosis oncogene (c-Myc), and Kruppel family mem-
ber 4 (Klf4) into adult fibroblasts [94]. Among them, Sox2 
is one of the earliest markers for the development of 
inner ear sensory domains and is required for the devel-
opment of mammalian inner ear sensory organs [95]. 
Sox2 can upregulate neurogenin 1 (Neurog1) expression 
in otic progenitors and mediates neuronal differentiation 
in cooperation with the key transcription factors Eyes 
absent 1 (Eya1) and SIX homeobox 1 (Six1) that initiate 
the neuronal developmental program [96]. Gunewardene 
et al. differentiated two hiPSC cell lines into neurosensory 

lineage in vitro by a combination of signaling molecules 
including basic fibroblast growth factors (bFGFs), bone 
morphogenetic proteins, sonic hedgehog, Y27632 and 
NTFs (brain-derived neurotrophic factor, BDNF and 
NT3) (Fig. 2B). The induced neurons expressed ganglion 
neuronal markers (NeuroD1, Brn3a, Islet1, ß III tubulin, 
Neurofilament kDa 160) and were electrically active. In 
addition to ganglion neuronal markers, hiPSCs-derived 
neurosensory progenitors expressed dorsal hindbrain 
marker (Pax7), otic placode marker (Pax2), preneural 
sensory marker (Sox2), and sensory auditory neuron 
markers (GATA binding protein 3, GATA3 and vesicular 
glutamate transporter 1, VGluT1). Unfortunately, differ-
entiation into the desired lineage using current induc-
tion protocols is less consistent, with differences in the 
expression levels of these markers between hiPSCs lines 
and even within the same cell line [97]. Meanwhile, tera-
toma formation is also a nonnegligible safety concern for 
iPSC transplantation. Zhu et al. indicated that teratomas 
formed from undifferentiated iPSCs were observed in the 
cochlea after transplantation of iPSCs through the round 
window membrane route [98].

MSCs face fewer ethical controversies compared to 
ESCs because MSCs are derived from adult sources such 
as bone marrow or adipose tissue, avoiding the ethical 
issues associated with the destruction of embryos. Addi-
tionally, MSCs have shown potential in various therapeu-
tic applications without the risk of immune rejection or 
ethical concerns related to pluripotency. Moreover, MSCs 
have been favored by researchers for their long-term pro-
liferative capacity in vitro, multilineage differentiation 
potential, and immunomodulatory properties. Clinical 
outcomes of autologous MSC transplantation in patients 
for the treatment of SNHL demonstrated its safety but 
did not achieve the desired therapeutic effects [99]. This 
result may be attributed to the method of transplanta-
tion by intravenous injection. In animal experiments, 
local injection is mostly used for bone marrow stro-
mal cell (BMSC) transplantation [100–103]. It has been 
shown that injection of BMSCs into guinea pig scala tym-
pani with autoimmune SNHL significantly reduced ABR 
wave III thresholds [102]. Sujeong et al. used basic fibro-
blast growth factor and forskolin for neural induction of 
hMSCs isolated from bone marrow obtained during mas-
toidectomy. Neural-induced human MSCs (Ni-hMSCs) 
exhibited high levels of expression of neuronal markers 
and ion channel markers, as well as voltage-dependent 
sodium currents. Moreover, Ni-hMSCs transplanted into 
the scala tympani of guinea pigs successfully migrated 
into the spiral ganglia and expressed the neuron-specific 
marker NeuN, which was compensatory for neomycin-
induced SGN deficiency [101]. Kamiya et al. also showed 
good hearing restoration in a rat model of acute SNHL 
induced by mitochondrial toxin through lateral wall 
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transplantation of BMSCs [103]. Therefore, BMSCs have 
the potential to serve as seed cells for both differentiation 
into SGNs and maintenance of inner ear homeostasis. 
However, there are still some inherent limitations to the 
source of BMSCs, such as a painful isolation process and 
a decrease in stemness and expansion rates as the donor 
ages [104].

Fetal adnexa-derived MSCs such as umbilical cord 
blood, placenta, amniotic fluid, and Wharton’s jelly MSCs 
(WJ MSCs) are easy to isolate from discarded tissues 
after birth. With low immunogenicity, stronger stemness 
than adult MSCs, and no ethical concerns, these MSCs 
have great potential in regenerative medicine [105, 106]. 
A clinical study involving 30 children with sensorineural 
hearing with mucopolysaccharidosis demonstrated that 
the patients’ ABR click threshold increased by an average 
of 19 dB after hematopoietic stem cell transplantation 
[107]. In another study, researchers transplanted BDNF, 
glial cell line-derived neurotrophic factor (GDNF), and 
NT3-treated human placental MSC into neomycin - 
and ouabain- induced SNHL guinea pigs and found 
improved ABR thresholds and distortion product oto-
acoustic emission (DPOAE) levels, as well as an increase 
in SGN number in all turns of the cochlea [108]. Amni-
otic fluid MSCs have also been described as an alterna-
tive to SGNs after injury [109]. WJ MSCs isolated from 
umbilical cords are negative for MHC class-II and do not 
produce graft rejection or tumorigenicity in vivo, provid-
ing a good candidate cell for both allogeneic and xeno-
geneic transplantations [110]. Xu et al. found that tracers 
labeling WJ MSCs were detected in the cochlear blood 
vessels, bony wall of scala tympani, and spinal ganglion 
nerve fibers, which could rescue noise-induced SNHL 
in minipigs [111]. Although Devarajan et al. successfully 
differentiated human umbilical cord MSCs into hair cell-
like cells by overexpressing Atonal Homolog 1 (Atoh1) 
[107], further study of whether WJ MSCs can be induced 
to differentiate into the SGN phenotype has not yet been 
reported, and further exploration is needed.

Other MSC seed cell candidates mainly include den-
tal pulp stem cells, adipose stem cells, and human lim-
bal MSCs (HL-MSCs). Among them, human dental pulp 
stem cells (DPSCs) and stem cells from human exfoliated 
deciduous teeth are derived from the neural crest during 
development with high potential for neuronal differen-
tiation. The neural precursor cells generated from them 
could differentiate into SGNs highly expressing tyrosine 
kinase receptor B (TrkB), GATA3, and SYP with exhib-
iting intracellular calcium oscillations by co-culturing 
with auditory brainstem slices containing cochlear nuclei 
[112]. Similar results were observed in Sprague Daw-
ley rats with SNHL [113]. Autologous adipose tissue-
derived stem cells were reported to restore hearing in a 
19-year-old Caucasian female with autoimmune hearing 

loss [114]. Animal studies have shown that human adi-
pose tissue-derived stem cells induced with forskolin and 
bFGF could migrate to the spiral ganglion and support 
the repair of damaged SGNs, thus contributing to the 
recovery of SNHL [115]. HL MSCs also displayed sig-
nificant protection against ouabain-induced SGN loss in 
mouse models. Their ABR results suggested a significant 
improvement in hearing after three months of HL MSC 
transplantation [116].

Despite significant advancements in the differentiation 
of seed cells into SGNs, researchers still face numerous 
challenges (Table  1). Firstly, the efficiency and predict-
ability of stem cell differentiation need to be improved, as 
the results exhibit considerable variability, which limits 
their clinical applicability. Furthermore, the differentiated 
cell populations often contain various cell types rather 
than solely SGNs, potentially affecting cell purity and 
functionality. Immunological rejection and safety issues 
should not be overlooked, as allogeneic stem cell-derived 
products may elicit immune responses and carry the risk 
of long-term toxicity or carcinogenicity. Additionally, the 
use of ESCs and iPSCs is surrounded by ethical and legal 
controversies and restrictions. Challenges in large-scale 
production and application include optimizing produc-
tion processes, controlling costs, and ensuring quality 
assurance. Individual variations and disease states also 
pose extra challenges for cell therapy, as cells from dif-
ferent individuals and disease states may exhibit differ-
ent differentiation potentials and responsiveness. Lastly, 
the long-term stability and functional efficacy of differ-
entiated SGNs in vivo need to be monitored to ensure 
durable and safe therapeutic outcomes. Despite these 
challenges, the research achievements in the differentia-
tion of seed cells into SGNs are notable. With the contin-
uous advancement of scientific technology, it is believed 
that these challenges will be gradually overcome, offering 
new prospects for the treatment of neurodegenerative 
diseases.

Biomolecules
NTFs are proteins produced and secreted by neurons, 
glial cells, sensory cells, and muscle fibers and can be 
involved in regulating the survival, proliferation, axonal 
and dendritic growth, and patterning of cochlear neu-
rons. Moreover, NTFs are also key biomolecules in the 
regulation of the expression and activity of important 
functional proteins (e.g., ion channels and neurotrans-
mitter receptors). The four common NTFs in mammals, 
BDNF, NT-3, NGF, and neurotrophin-4/5 (NT-4/5), all 
bind to p75 neurotrophin receptor (p75NTR) and Tyro-
sine receptor kinase (Trk); specifically, NGF binds to 
TrkA, BDNF and NT-4/5 bind to TrkB, and NT-3 binds 
to tyrosine kinase receptor C (TrkC) [117]. Trk recep-
tors are a family of tyrosine kinases that regulate synaptic 
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strength and plasticity in the mammalian nervous system 
[118]. Tyrosine phosphorylation sites in the cytoplasmic 
domain of Trk receptor recruit intermediate in intra-
cellular signaling cascades that activate several small G 
proteins, as well as pathways regulated by MAP kinase, 
PI 3-kinase and phospholipase-c-gamma (PLC-gamma) 
[118]. The activation of p75NTR leads to the activation of 
signaling pathways such as NF-κB and Jun kinase [119]. 
In some cases, p75NTR synergizes with Trk receptor-
activated signaling pathways, and in other cases, p75NTR 
antagonizes Trk receptor-activated signaling pathways. It 

has been shown that any of these four classes of NTFs can 
induce apoptosis by activating p75NTR, but this effect is 
blocked by Trk receptor activation [120]. In addition, the 
conformation of Trk receptors is also affected by p75NTR, 
leading to changes in the specificity and affinity of ligand 
binding [118]. In adult neurons, NTFs are required for 
their persistence, and they enhance transmitter release 
in neurons expressing the respective signal transducing 
Trk receptors, which act as selective retrograde messen-
gers to modulate synaptic potency [121]. Co-activation of 
p75NTR and Trk may result in cell proliferation, synaptic 

Table 1  Types of seed cells 
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growth, or specific differentiation depending on the spe-
cific NTFs and the formation of coreceptor complexes 
[122].

BDNF is one of the most studied protective NTFs 
against SGN injury, with protective effects against noise, 
inner ear ischemic, and pharmacological SGN injury, and 
is also a common factor for inducing neuronal differen-
tiation [123]. BDNF mRNA was found in hair cells of the 
rat ear in early development, but not in the adult organ 
of Corti [124]. In contrast, TrkB mRNA is still strongly 
expressed in spiral and vestibular ganglia in adulthood 
[125]. Calcium signaling plays a key role in signal trans-
duction of apoptosis. When noise and ototoxic drugs 
cause SGN damage, Ca2+ influx is exacerbated and the 
intracellular Ca2+ concentrations increase, thereby ini-
tiating the apoptotic program [126]. BDNF can pro-
tect neurons from damage by regulating the expression 
of T-type calcium channel protein to affect Ca2+ influx 
[127]. In addition to its anti-apoptotic effects, BDNF 
has antioxidant properties [128, 129]. Neuronal damage 
is directly related to the excessive release of excitatory 
amino acids (glutamate), in part due to the massive pro-
duction of oxygen-free radicals induced by intracellu-
lar Ca2+ overload [130]. An in vitro study by Wille et al. 
revealed that loading BDNF with heparan sulfate-coated 
fibers prolonged the release of NTFs for up to 110 days 
and greatly improved SGN survival [131]. Additively, 
BDNF has also exhibited its therapeutic potential for 
long-term deafness. Miller et al., treated aminoglyco-
side-induced deafness by continuous infusion of BDNF 
and FGF1 into the scala tympani of guinea pigs. It was 
found that the combination of BDNF and FGF1 signifi-
cantly protected SGNs after 4 or 8 weeks of aminoglyco-
side treatment, although the effect at 8 weeks appeared 
to be relatively weak [132]. Moreover, genetically modi-
fied MSCs can also achieve long-term administration of 
BDNF for SGN protection [133].

NT-3 is the most abundant NTF in early development. 
Its deletion will cause severe loss of sensory nerves in 
mice, and expression of NT-3 and TrkC can be observed 
as early as before neural tube closure [134]. During devel-
opment, NT-3 is continuously expressed in inner and 
outer hair cells, but only in IHCs throughout adulthood, 
with higher levels in the apical than basal regions. TrkC 
mRNA is expressed in the spiral and vestibular ganglia, 
but is weaker than TrkB around birth and in adulthood 
[125]. Thus, NT-3 has a wide range of biological activi-
ties that not only regulate neuronal differentiation but 
also promote the survival and repair of injured neurons 
[135, 136]. Wan et al. showed that NT-3 is required for 
the formation and maintenance of the ribbon synapses 
in the hair cells of the cochlear epithelium in the post-
natal inner ear. Mice overexpressing NT-3 recovered 
more quickly after noise trauma [137]. Loss of target 

innervation caused by aminoglycoside toxicity and sub-
stantial degeneration of adult SGNs can be prevented 
by infusion of NT-3 into the guinea pig membranous 
labyrinth [138]. Considering the significant obstacles and 
trauma risks posed by exogenous NT-3 protein delivery, 
1Aa and a covalent conjugate of 1Aa with risedronate, 
Ria-1Aa, small molecules that mimic NT-3 function and 
act on TrkC receptors, were designed and synthesized. 
Both can diffuse through the round window membrane 
and enrich in the lymph, stimulate SGNs, and promote 
the regeneration of synapses between SGNs and inner 
hair cells, balancing the surgical risks brought by labyrin-
thotomy [139].

Currently, there are not many studies on NT-4/5 in 
neuroprotection, but a study in amyotrophic lateral scle-
rosis has shown that despite the expression of all four 
categories of NTFs mentioned above [140], it seems 
that only exogenous NT-4/5 application has therapeutic 
effects, while BDNF and NT-3 did not show neuropro-
tective effects [141]. A study by Zheng et al. suggested 
that NT-4/5 promoted rat SGN survival in vitro with 
potency comparable to that of BDNF and stronger than 
NT-3. Furthermore, NT-4/5 protected SGNs from the 
neurotoxic effects of the anticancer drug cisplatin [142]. 
These results indicate the potential of NT-4/5 in the pre-
vention and treatment of hearing impairment caused by 
primary auditory neuron damage.

NGF is also one of the most studied neurotrophic 
molecules to date. NGF plays an important role in the 
establishment and refinement of neuronal connectiv-
ity during neuronal development and regeneration. It 
can provide trophic support to neurons through axonal 
retrograde transport patterns [143], stimulate growth 
cone migration and sprouting of axon lateral branches 
[144, 145], and promote axonal regeneration (including 
myelinated and unmyelinated axons) [146]. It has been 
shown that in DBA/2J mice with early-onset progressive 
hearing loss, long-term intramuscular administration 
of NGF from birth decreased their ABR thresholds and 
increased DPOAE amplitudes [147]. Hearing improve-
ment was observed after implanting olfactory epithe-
lial neural stem cells (oe NSCs) into the cochlea of rats 
with noise-induced hearing loss through a retroauricular 
approach. The authors suggested that this may be due to 
the migration of oe NSCs into Rosenthal’s canal and the 
secretion of NGF and NT-3 to prevent SGN injury [91]. 
In experiments using DRG to replace degenerating SGNs 
to rescue hearing loss, the addition of NGF effectively 
promoted the penetration of DRG neurites to osseous 
modiolus and projection to SGNs [93]. Pan neurotrophin 
1 (pnt-1) is a synthetic trophic factor combines the active 
domains of the neurotrophins NGF, BDNF, and NT-3, 
which has potential applications in nerve injury repair 
and regeneration [148]. However, whether it can exert 
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trophic support and regenerative effects on the SGNs in 
auditory nerve injury has not been reported.

The FGF homologous factor subfamily consists of 18 
secreted proteins and 4 intracellular proteins. Its primary 
role is to protect the neurovascular unit and facilitate 
neurofunctional repair by activating signaling pathways 
like PI3K-Akt and peroxisome proliferator-activated 
receptors (PPARγ). Moreover, it inhibits NF-κB-mediated 
inflammatory responses, oxidative stress, neuronal apop-
tosis, and regulating neuronal differentiation and excit-
ability [149–151]. The combination of fibroblast growth 
factor 2 (FGF2) and GDNF supports the long-term sur-
vival of SGNs and prevents secondary neuronal degen-
eration [152]. This may be attributed to the ability of the 
FGF family to strongly enhance neuronal neurite out-
growth from SGNs [152, 153] and extend to the sensory 
epithelium of the transfectants [154], consequently pro-
moting the generation of ribbon synapses [155]. In vitro 
studies have demonstrated that the combination of FGF2 
and retinoic acid (RA) induces the differentiation of otic 
cell lineages derived from hPSCs into oticplacodal cells 
[156]. In addition, by integrating FGF2 with IGF and epi-
dermal growth factor (EGF) within a three-dimensional 
scaffold, human gingival MSCs can be induced to differ-
entiate into audiological progenitor cells [8].

IGF1 is a polypeptide that shares structural similarities 
with insulin and plays a significant role in regulating cell 
growth, proliferation, and differentiation [157–160]. In 
humans, a milder decrease in IGF-1 levels has been asso-
ciated with rare genetic syndromes of hearing loss as well 
as ARHL [161]. IGF1R, a tyrosine kinase receptor that 
binds to IGF1, is expressed in cochlear sensory epithelia 
and SGNs [162, 163]. Analysis of IGF1R mutant mice has 
revealed abnormalities in cochlear structure, including a 
shortened cochlear duct, a reduced number of cochlear 
HCs, delayed maturation of the cochlear sensory epithe-
lial, and defective formation of the semicircular canals 
[158]. IGF1 has been shown to have protective effects 
against excessive noise [164], ischemia [165], surgical 
invasion [166], and hearing loss induced by aminogly-
cosides [167]. In a clinical study of sudden sensorineural 
hearing loss (SSHL), IGF1 treatment was was found to be 
more effective than glucocorticoid treatment [168, 169]. 
It has been reported that IGF1 has the potential to drive 
the regeneration of synapses between IHC and SGNs, 
which may explain its effect on hearing recovery [170]. 
Notably, Gao et al. also highlighted that exogenous IGF1 
administration has a dual effect on ribbon synapses, pro-
moting their recovery at low doses and impairing sponta-
neous recovery at high doses [171].

Vascular endothelial growth factor (VEGF), also known 
as vascular permeability factor (VPF), is a highly spe-
cific pro-vascular endothelial growth factor that pro-
motes increased vascular permeability, variability in the 

extracellular matrix (ECM), migration and proliferation 
of endothelial cells, and vascularization. In addition, this 
growth factor directly affects neuronal cells, and dys-
regulation of its expression has been implicated in sev-
eral neurodegenerative diseases [172]. Pericytes, which 
are multifunctional mural cells essential for maintaining 
the health of sensory hair cells and normal hearing, can 
promote SGN survival and neurite outgrowth by releas-
ing exosomes containing VEGF-A [173]. Schwann cells 
that have been genetically modified to express S100A4 
also significantly upregulate VEGF expression and pro-
vide neurotrophic support to SGNs [174]. Furthermore, 
Schwann and supporting cells produce a neurotrophic 
cytokine called macrophage migration inhibitory fac-
tor (MIF), which serves as a directional attractant and 
is required for ganglion genesis in the inner ear [175]. 
Notably, MIF-induced neurons derived from mouse ESC 
have the potential to replace lost or damaged SGNs [7].

Research into the protection and differentiation of 
SGNs using biomolecules has made some strides, but sig-
nificant limitations and issues remain unresolved. Cur-
rent studies predominantly employ in vitro experiments 
and animal models, which may not accurately reflect the 
situation in humans, necessitating more clinical research 
to validate laboratory findings. The mechanisms by 
which biomolecules like lactate influence SGN protection 
and differentiation are yet to be fully elucidated, requir-
ing further investigation. Additionally, the lack of specific 
biomarkers for SGNs hinders research and clinical appli-
cation. Challenges in drug development, such as design-
ing small molecule drugs that can effectively deliver 
biomolecules to target cells and overcoming degradation 
and clearance issues within the body, must be addressed. 
The safety and potential side effects of using biomole-
cules for SGN protection and differentiation are also con-
cerns, with long-term effects and side effects still poorly 
understood. In summary, despite progress in biomolecule 
research for SGN protection and differentiation, many 
deficiencies and challenges require resolution. Further 
research and methodological innovation are essential to 
address these issues and advance the field.

Scaffolds
Scaffold materials
The decellularized ECM is a three-dimensional macro-
molecular network that lacks cells and is composed of 
various glycoproteins, including collagens, proteogly-
cans/glycosaminoglycans, elastin, fibronectin, and lam-
inin. It acts as a biological scaffold to regulate the diverse 
biological functions of resident cells [176]. Evans et al. 
have found that laminin and fibronectin can provide 
guidance cues for the neurites of SGNs. They suggested 
that higher concentrations of laminins in the osseous spi-
nal lamina promote SGN outgrowth towards the organ 
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of Corti, while low concentrations within the organ of 
Corti may slow neurite outgrowth. Fibronectin under 
each row of hair cells provides a stop or avoidance sig-
nal [177]. Santi et al. described a protocol for cochlear 
decellularization using sodium dodecyl sulfate(SDS) 
and sodium deoxycholate (SDOC). Their study showed 
that SDS treatment removes more cellular components 
than SDOC [178]. Afterward, Mellott et al. utilized SDS-
treated decellularized cochleae as mechanical and bio-
chemical scaffolds for incorporating human Wharton’s 
jelly cells (hWJCs) exogenously [179]. The study revealed 
the differentiation of hWJCs into inner ear hair cells 
within the organ of Corti. The migration of hWJCs to 
the osseous spinal lamina site, with a negative presence 
of MYO7A, was also indicated in their staining results. 
Therefore, the possibility of its differentiation into neu-
ron like cells cannot be ruled out.Although studies have 
not yet characterized the differentiation of hWJCs into 
SGNs, previous research has shown the potential of 
amniotic fluid MSCs (which also belong to fetal append-
ages) to differentiate into SGNs [109, 180]. Therefore, it 
is speculated that decellularized cochleae could serve as 
biomaterials to induce SGN regeneration.

Hydrogels show great promise as scaffolds for guiding 
neuronal growth. Wille et al. Coated the fibers with hepa-
ran sulfate (HS), an extracellular matrix component, to 
mimic the natural extracellular matrix. By incorporating 
BDNF into these coated fibers, they achieved a sustained 
release of neurotrophins for an extended period of 110 
days [131]. Cell-based drug delivery is another approach 
for the long-term treatment of inner ear neurons. CI can 
convert the encoded complex multi-frequency speech 
information into electrical signals that are then precisely 
transmitted to SGNs, enabling the treatment of patients 
with severe to profound sensorineural deafness. Con-
sidering the lifelong requirement of CI implantation, 
Scheper et al. used ultra-high viscous alginate (UHV-algi-
nate) to encapsulate transgenic MSCs on CIs, enabling 
long-term administration of BDNF and inhibiting SGN 
degeneration [133]. The number and function of resid-
ual SGNs are the most critical limiting factors for effec-
tive CI implantation. Hydrogels have been employed to 
encapsulate genetically modified Schwann cells, which 
overexpress BDNF and NT-3, resulting in a signifi-
cant improvement in SGN survival [181]. Purcell et al. 
implanted NSCs encapsulated in alginate hydrogel to 
promote the integration of prostheses with the surround-
ing brain tissue [182]. However, after 6 weeks of implan-
tation, an obvious immunoinflammatory response and 
gliotic scar hyperplasia were observed, likely due to the 
degradation of the alginate hydrogel and death of seeded 
cells. Therefore, degradable nerve electrode interface 
materials need to have a controlled degradation rate to 
accommodate the re-formation of ECM. Based on this 

consideration, researchers have utilized degradable poly 
(vinyl alcohol) (PVA) to form biocompatible hydrogels 
that can be tailored according to the desired degrada-
tion time frame and bioactivity [183, 184]. Additionally, 
the utilization of hydrogel coatings on the surface of CI 
electrodes has been shown to suppress the mechanical 
properties of hard electrode arrays and mitigate the gen-
eration of resistive scar tissue. Notably, hydrogels allow 
for optimal connectivity of water and ions in salt solu-
tions, which is the basis for cell survival within them, but 
also pose the problem of hydrogel swelling. This swelling 
leads to increased distance between the electrode and 
target tissue, as well as relative displacement, and delami-
nation from the electrode interface [185]. Faveri et al. 
reported that fibrin hydrogels exhibited less swelling than 
other hydrogels under same experimental conditions 
[186]. Meanwhile, Chang et al. proposed the integration 
of nanofibrillar cellulose (NFC) hydrogel as a mechanical 
scaffold with a Scala’s squamous epithelium to create a 
supportive stem cell niche for exogenous human embry-
onic stem cell-derived otic neuronal progenitors (hESC 
derived ONPs) [187]. NFC hydrogels can mimic the ECM 
of native tissues in terms of fiber size and mechanical 
properties, enabling a feasible and sustainable microen-
vironment for exogenous cell growth [188, 189]. Chang 
et al. proposed a 3D polyhedrin delivery system (PODS®) 
for several weeks of BDNF release to promote cell sur-
vival and guide stem cell differentiation toward neuronal 
lineages [187]. In addition, conductive hydrogels (CHs), 
which are a hybrid material composed of a conductive 
polymer and a hydrogel, can be engineered to swell by 
adjusting the ratio of components. CHs often exhibit 
superior charge storage capacity, lower impedance, and 
no evidence of delamination or degradation [190, 191]. 
For example, Hassarati et al. coated olfactory ensheathing 
cells (OECs) in gelatin and sericin modified CHs, and the 
coated OECs supported the outward growth of nerves 
while crossing the glial scar tissue [192].

Physical stimulation
Electrical activity plays a crucial role in neurodevelop-
ment [193]. Chronic electrical stimulation within the 
cochlea not only modulates neuronal excitability but also 
influences the maturation and synchronization of neuro-
nal networks, thereby alleviating the onset of neuronal 
degeneration [194]. Graphene, a two-dimensional car-
bon atom monolayer, has been used in many biomedical 
fields due to its unique electrical, mechanical, and ther-
mal characteristics and high biocompatibility [195]. It 
has the potential to manipulate stem cell fate, not only 
accelerating the differentiation of MSCs [196–199], but 
also effectively and self-organizing the differentiation 
of NSCs into neurons [200, 201]. Guo et al. suggested 
that graphene enhances the differentiation of NSCs into 
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neurons by altering passive and active bioelectric mem-
brane properties through an internal electric field [202]. 
However, it appears that electrical stimulation alone does 
not facilitate the regeneration of SGNs. Considering this, 
they investigated the effects of cochlear implant-based 
electroacoustic stimulation on the proliferation and dif-
ferentiation abilities of NSCs seeded on graphene [203]. 
The results showed that low-frequency electroacoustic 
stimulation (188–313  Hz) could significantly promote 
the proliferation and differentiation of NSCs on gra-
phene into neurons. Notably, high-frequency stimula-
tion (6,938-7,938  Hz) induced the death and apoptosis 
of NSCs. In addition, Liao et al. developed a cochlear 
implant electroacoustic stimulation (EAS) system com-
bined with conductive Ti3C2Tx MXene-matrigel to reg-
ulate the biological behaviors of SGNs [204]. Ti3C2Tx 
MXene is a two-dimensional nanosandwich structure 
formed by transition metal element graphene oxide 
and carbon element, which can be variably functional-
ized through different surface modifications. The most 
recent findings demonstrate that primary mouse NSCs 
cultured on Ti3C2Tx MXene display enhanced biologi-
cal activity and neural network synchrony, characterized 
by longer neuronal processes, and increased branchial 
points and branch tips [205, 206]. Matrigel, also known 
as cultrex, or EHS martrix, is a highly bioactive tumor 
extract containing all components present in the base-
ment membrane with the ability to promote cell survival 
and differentiation, resulting in enhanced graft survival 
in vivo and thus repair of damaged tissue [207]. Matri-
gel at concentrations higher than 4  mg/mL formed gels 
at 24–37℃ [208]. Perny et al. used matrigel as a mechani-
cal scaffold to achieve robust differentiation of mouse 
ESCs into ear sensory neurons by individually regulat-
ing signaling pathways such as transforming growth fac-
tor beta (TGFβ), bone morphogenetic protein (BMP), 
and by progressively adding FGF2, BDNF, and NT-3 to 
mimic important steps of inner ear development [123]. 
The results showed better biocompatibility of Ti3C2Tx 
MXene-matrigel from Liao et al. In vivo, SGNs coated 
in Ti3C2Tx MXene-matrigel exhibited longer neuronal 
processes, larger growth cone areas, and filopodia in low-
frequency EAS systems, and promoted the formation and 
maturation of neuronal networks [204].

Magnetic nanoparticles, another kind of common 
nanomaterial in biomedical fields, exhibit remarkable 
superparamagnetism in addition to large specific sur-
face area, good surface modification [209, 210]. Super-
paramagnetic iron oxide nanoparticles (SPIO) exhibit 
good adhesion and excellent biocompatibility at con-
centrations below 500 µg/ml. SPIO with static magnetic 
field (SMF) could promote NSCs proliferation, but high-
intensity SMF (145 ± 10 mT) inhibited the expansion abil-
ity of NSCs [211]. SPIO coated with poly-L-lysine can be 

internalized by SGNs and shows no cytotoxicity at con-
centrations below 300 µg/mL. SPIO internalized with or 
without external SMF could promote neurite extension 
by promoting the development of SGN growth cones. 
Moreover, SPIO could also physically direct SGN orien-
tation and neurite outgrowth by regulating cell migration 
in the presence of external SMF [212]. Xia et al. per-
formed surface modification based on Fe3O4 nanopar-
ticles to form Fe3O4@SiO2 nanoparticles and formed 
magnetic nanochains under static magnetic field induc-
tion [213]. Under the guidance of magnetic nanochains, 
the seeded NSCs exhibited good alignment, and neu-
ral stem cell-derived neurons showed good directional 
growth with the orientation of nanochains. In addition 
to SMF, the surface topography of the material is impor-
tant for neuronal adhesion and guidance of neurite out-
growth [214, 215]. The surface topography of magnetic 
nanochains may also be involved in the active guidance 
of neurites. In addition, its coated silica nanoparticles can 
also serve as an important nonviral delivery system for 
retrograde transport in axons [216].

The studies of scaffolds for the protection and differen-
tiation of SGNs has made strides, yet several challenges 
and limitations remain. Key issues include the inherent 
properties of biomaterial scaffolds, such as mechanical 
strength, degradation rate, and biocompatibility, which 
can affect SGN survival and function. Ensuring compat-
ibility with neural tissue and promoting the desired cel-
lular responses are critical challenges. Additionally, the 
precise control of axon guidance and the development of 
scaffolds that effectively support regeneration are tech-
nical hurdles. The complex interaction between SGNs 
and scaffolds influences cell behavior, highlighting the 
need for understanding and manipulating these interac-
tions to enhance cell attachment, proliferation, and dif-
ferentiation. Long-term performance degradation, host 
integration, and xenogeneic reactions are also important 
considerations, with potential negative impacts on SGNs. 
Lastly, scalability and cost-effectiveness are significant 
challenges, as successful translation from laboratory-
scale production to clinical-scale manufacturing while 
maintaining cost-effectiveness is yet to be fully addressed.

Biohybrid neural interface
CI provides a standard treatment approach for patients 
with severe and profound sensorineural deafness by 
directly stimulating SGNs and transmitting auditory 
information from the periphery to brainstem nuclei. The 
quantity and quality of SGNs are the main factors limit-
ing their effectiveness. The degenerative deformation of 
SGNs follows a sequence from distal to central and pri-
marily affects the peripheral ends, leading to the forma-
tion of “electrode-neuron gaps” that reduce the spatial 
selectivity of the electrodes. A biohybrid implant involves 
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the integration of cells with an electrode array, which, 
when implanted, integrates into the host tissue to form 
a biohybrid neural interface facilitating communica-
tion between the electrode and tissue. These integrated 
cells function through two primary strategies: either by 
forming new tissues to replace the damaged host tissue 
or by providing a favorable microenvironment for the 
damaged host cells [91, 92]. One of the benefits of the 
biohybrid neural interface is the induction of neuronal 
growth, which reduces the distance between the elec-
trode array and SGNs. This reduction in distance allows 
for a decrease in the stimulus intensity from the electrode 
array and reduces the activation of neighboring neurons, 
ultimately improving the spatial selectivity and perfor-
mance of CIs in low signal-to-noise ratio environments 
[217]. Considering the timescale of CI implantation, 
foreign body reaction stands as a crucial challenge. The 
body’s response to the implant involves an inflammatory 
reaction, where factors like the generated reactive oxygen 
species can directly harm the implant and surrounding 
tissues. Prolonged inflammation leads to the formation 
of a fibrotic tissue layer on the electrode surface, physi-
cally separating it from the surrounding tissue, and 
thereby gradually deteriorating the electrode-tissue inter-
face [218]. Strategies involving silicone fibers to create 
intricate microscale surface topography for CI electrode 
contact areas or using coated CI electrodes such as pro-
tein-repellent polymers or conductive hydrogels, prove 

beneficial in preventing fibroproliferation and reducing 
inflammatory reactions [219, 220]. However, over time, 
the encapsulated implant requires an increased amount 
of charge to stimulate the target tissue, eventually los-
ing efficacy. As shown in Fig. 3B, Goding et al. proposed 
enhancing the integration of exogenous neural cells onto 
the electrode surface by enveloping them with an addi-
tional layer of degradable biosynthetic hydrogel on the 
surface of a non-degradable conductive hydrogel coating 
[221]. Their findings demonstrated that the additional 
non-conductive layer did not compromise the electri-
cal properties of the electrode, and the bilayer structure 
notably improved interfacial flexibility. Glial cells encap-
sulated in a degradable hydrogel layer exhibited high 
bioactivity and produced ECM proteins exhibiting the 
potential to replace degradable hydrogels. However, the 
survival of neural precursor cells embedded in hydrogel 
remains insufficient, influenced by the harvesting tech-
nique. In addition, the biohybrid neural interface proves 
effective in addressing interface instability caused by 
the continued movement of body tissue under chronic 
implantation conditions [222].

The biohybrid neural interface can be classified into 
four primary types, as shown in Fig.  3A. The com-
monly used type of tissue engineering application in 
the inner ear is the cells-on-electrode approach. Wise 
et al. conducted an in vivo experiment where neona-
tal deaf cats were implanted with choroid plexus cells 

Fig. 3  (A) Four types of biohybrid neural interfaces. (B) Schematic representation of synaptic interfaces between an electrode and target tissue produced 
from integrating living neural cells into tissue-engineered hydrogel coatings. (C) Cochlear implant model based on biohybrid optogenetics with long-
distance cell electrodes
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coated on CI electrodes to achieve long-term neu-
rotrophins (NTs) supply and prevent loss of SGNs 
[223]. The results showed that NTs treatment alone, 
unlike chronic electrical stimulation alone, increased 
the density of SGN peripheral protrusions and pro-
longed the survival cycle of SGNs in the upper basal 
cochlear region. Combining NTs and ES yielded supe-
rior therapeutic outcomes, as evident by the regrowth 
of peripheral processes in the scala media and scala 
tympani, which increased the potential for direct con-
tact between peripheral processes and a CI electrode 
array. Building upon similar considerations, Scheper 
et al. encapsulated transgenic MSCs in ultra-high vis-
cous alginate to achieve long-term administration of 
BDNF for maintaining the number and excitability 
of SGNs [133]. Their findings indicated that coating 
MSCs encapsulated in alginate onto CI significantly 
prevented the pathology and death of SGNs. Addition-
ally, the protective efficacy of SGNs was investigated 
by directly injecting alginate MSCs into the scala tym-
pani; however, this injection-based method did not 
showcase the effect of preventing SGN degeneration. 
Brant et al. proposed a cochlear implant model based 
on biohybrid optogenetics with a long-distance cell 
electrode (Fig. 3C) [217]. Their proposal involved con-
trolling exogenous transgenic neuronal somata using 
an optrodecapable of emitting three wavelengths. 
The axons of these neurons could extend along the 
cochlear topology and establish synaptic connections 
with native SGNs or project along the eighth nerve to 
various regions of the auditory brainstem, enabling 
treatment for deafness. The utilization of host cell-
based electrodes in the study of hearing loss is not as 
well-established, partially due to the involvement of 
decellularized tissues derived from the host. In the 
field of peripheral nerve regeneration, decellularized 
muscle tissue has been extensively studied and shown 
to promote functional axonal regeneration and res-
toration of locomotor activity [224, 225]. Studies on 
decellularized ear tissue have demonstrated its poten-
tial as a bioscaffold for stem cell differentiation [178, 
179, 226], but the sourcing decellularized ear tissue 
from the host presents challenges. Therefore, explor-
ing alternative ear tissues of host or non-host origin 
could be considered. This biohybrid interface also 
highlighted the attraction of native neurons to the cell-
coated electrode surface to establish tight coupling. 
Drawing on the principle that Schwann cells and sup-
porting cells can produce directionally inducible neu-
ral cytokines (such as MIF), Ramamurthy et al. coated 
CI electrodes with MIF-expressing Schwann cells, 
successfully inducing directional growth of SGNs and 
establishing tight coupling with CI [7].

Conclusions and perspectives
The field of tissue engineering has emerged as a promis-
ing avenue for the protection and regeneration of SGNs, 
which are crucial for hearing. This review article encap-
sulates the latest advancements and initiatives within the 
realms of biotechnology and tissue engineering that are 
aimed at safeguarding and revitalizing SGNs. It delineates 
the injury mechanisms that impact SGNs, the identifica-
tion and application of seed cells for the replacement and 
protection of these neurons, the role of biomolecules in 
orchestrating seed cell differentiation and the rescue of 
remaining SGNs, and the utilization of scaffold materials 
and physical stimulation techniques for the reconstruc-
tion of inner ear tissue and the restoration of hearing 
function. Furthermore, the article also highlights the 
progress in the development of biohybrid neural inter-
faces, which are anticipated to play a significant role in 
future hearing reconstruction therapies.

One of the key advantages of tissue engineering strate-
gies for SGN protection and regeneration is their poten-
tial to overcome the limitations of current treatments for 
SNHL, which primarily focus on hearing aid amplifica-
tion and cochlear implants. Tissue engineering offers a 
paradigm shift by addressing the root cause of SNHL - 
the damaged or degenerated SGNs. By regenerating these 
neurons and restoring the auditory neural pathways, tis-
sue engineering holds the promise of providing a more 
natural and effective treatment for SNHL.

Despite the promise, there are several challenges that 
need to be addressed to translate tissue engineering 
strategies into clinical applications. Firstly, strategies 
to enhance the survival rate of implanted stem cells are 
essential to ensure robust regeneration. Secondly, the 
biocompatibility of the scaffolds used for supporting the 
regenerated neurons needs to be improved to promote 
their survival and functionality. Lastly, the identification 
of the optimal temporal window for the activation of 
molecular cues is crucial to orchestrate the regeneration 
process effectively.

To overcome these challenges, a multidisciplinary 
approach that integrates basic scientific research, engi-
neering innovation, and clinical expertise is indis-
pensable. A profound understanding of the intricate 
anatomical framework of the cochlea, including the spa-
tial organization of its cellular constituents, is required 
to design and implement successful tissue engineering 
strategies. Additionally, unraveling the molecular under-
pinnings that govern cochlear development and the tem-
poral regulation of gene expression networks will provide 
valuable insights for the development of effective treat-
ment approaches.

In conclusion, tissue engineering strategies for SGN 
protection and regeneration offer a novel and promis-
ing avenue for the treatment of SNHL. While there are 
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significant challenges that need to be addressed, the 
potential to regenerate damaged auditory neural path-
ways and restore hearing function makes this field worth 
pursuing. Future research should focus on developing 
innovative strategies to improve the survival and func-
tionality of implanted stem cells, enhancing the bio-
compatibility of scaffolds, and identifying the optimal 
temporal window for molecular cue activation. With 
advancements in basic scientific research, engineer-
ing innovation, and clinical expertise, tissue engineering 
holds the potential to revolutionize the field of hearing 
restoration and provide new hope for individuals suffer-
ing from SNHL.

Abbreviations
SGNs	� Spiral ganglion neurons
SNHL	� Sensorineural hearing loss
HCs	� Hair cells
IHCs	� Inner hair cells
CI	� Cochlear implant
TTS	� Temporary threshold shift
PTS	� Permanent threshold shift
SPL	� Sound pressure level
NIHL	� Noise induced hearing loss
ARHL	� Age-related hearing loss
ROS	� Reactive oxygen species
NF-Κb	� Nuclear factor kappaB
AABs	� Aminoglycoside antibiotics
CMV	� Cytomegalovirus
ABR	� Auditory brainstem response
LCMV	� Lymphocytic choriomeningitis virus
HIV	� Human immunodeficiency virus
HSV	� Herpes simplex virus
POU3F4	� POU class 3 homeobox 4
SLC17A8	� Soluble carrier family 17,member 8
VGLUT3	� Vesicular glutamate transporter-3
SC	� Supporting cell
GJB2	� Gap junction protein, beta 2
OTOF	� Otoferlin
NSCs	� Neural stem cells
ESCs	� Embryonic stem cells
iPSCs	� Induced pluripotent stem cells
MSCs	� Mesenchymal stem cells
NNE	� Nonneuronal ectoderm
PPE	� Preplacodal ectoderm
ONP	� Otic neuron progenitor
OEP	� Otic epithelial progenitors
L-Gln	� L-Glutamine
DFNB	� Dulbecco’s Modified Eagle’s Medium (DMEM) with Ham’s F12 

and N2/B27
HFF	� Human foreskin fibroblasts
NBM	� Neurobasal A with 1% N2,2% B27,2 mM l-glutamine and 0.5% 

penicillin/streptomycin
CDM	� Chemically defined medium
kDMEM	� Knockout Dulbecco’s modified Eagle’s medium
KOSR	� Knockout serum replacement
NEAA	� Nonessential amino acids
BME	� β-mercaptoethanol
pps	� Pulses per second
CN	� Cochlear nucleus
NST	� Nucleus of the solitary tract
SYP	� Synaptophysin
PRPH	� Peripherin
NTFs	� Neurotrophic factors
NGF	� Nerve growth factor
NT-3	� Neurotrophin 3
Oct3/4	� POU class 5 homeobox 1

Sox2	� SRY-box 2
c-Myc	� Myelocytomatosis oncogene
Klf4	� Kruppel family member 4
Neurog1	� Neurogenin 1
Eya1	� Eyes absent 1
Six1	� SIX homeobox 1
bFGFs	� Basic fibroblast growth factors
GATA3	� GATA binding protein 3
VGluT1	� Vesicular glutamate transporter 1
BMSC	� Bone marrow stromal cells
Ni-hMSCs	� Neural-induced human MSCs
WJ MSCs	� Wharton’s jelly MSCs
GDNF	� Glial cell line-derived neurotrophic factor
DPOAE	� Distortion product otoacoustic emission
Atoh1	� Atonal Homolog 1
HL-MSCs	� Human limbal MSCs
DPSCs	� Dental pulp stem cells
TrkB	� Tyrosine kinase receptor B
NT-4/5	� Neurotrophin-4/5
p75NTR	� p75 neurotrophin receptor
Trk	� Tropomyosin receptor kinase
TrkC	� Tyrosine kinase receptor C
PLC-gamma	� Phospholipase-c-gamma
oe NSCs	� Olfactory epithelial neural stem cells
pnt-1	� Pan neurotrophin 1
PPARγ	� Peroxisome proliferator-activated receptors
FGF2	� Fibroblast growth factor 2
RA	� Retinoic acid
EGF	� Epidermal growth factor
SSHL	� Sudden sensorineural hearing loss
VEGF	� Vascular endothelial growth factor
VPF	� Vascular permeability factor
ECM	� Extracellular matrix
MIF	� Migration inhibitory factor
SDS	� Sodium dodecyl sulfate
SDOC	� Sodium deoxycholate
hWJCs	� Human Wharton’s jelly cells
HS	� Heparan sulfate
UHV	� Ultra-high viscous
NFC	� Nanofibrillar cellulose
CHs	� Conductive hydrogels
OECs	� Olfactory ensheathing cells
EAS	� Electroacoustic stimulation
TGFβ	� Transforming growth factor beta
BMP	� Bone morphogenetic protein
SPIO	� Superparamagnetic iron oxide nanoparticles
SMF	� Static magnetic field
LE	� Living electrode
NTs	� Neurotrophins

Acknowledgements
Not applicable.

Author contributions
RJC, JQS, TTL, LT and YNH defined the focus of the review. BZ and YNH 
summarized studies. BZ drafted the manuscript. HLD, SYH, LR and HC 
participated in some parts of the final manuscript. BZ, YNH, YSW, XG, SSZ 
and QYC revised the manuscript. All authors reviewed the final version of the 
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by grants from National Key R&D Program of 
China (No. 2021YFA1101300, 2021YFA1101800, 2020YFA0112503), National 
Natural Science Foundation of China (Nos. 82330033, 82030029, 81970882, 
92149304, 82201292, 82371167), Shenzhen Fundamental Research Program 
(JCYJ20190814093401920, JCYJ20210324125608022), Open Project Fund of 
Guangdong Academy of Medical Sciences (YKY-KF202201), China National 
Postdoctoral Program for Innovative Talent (BX20230070), China Postdoctoral 
Science Foundation (2023M740606), Jiangsu Funding Program for Excellent 
Postdoctoral Talent (2023ZB597), SEU Innovation Capability Enhancement Plan 
for Doctoral Students (CXJH_SEU 24214), Sichuan Science and Technology 
Program (2024NSFSC1511), National Key Research and Development 



Page 17 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

Program of China (2023YFC2508402) and Sichuan Provincial People’s Hospital 
(2023QN01).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1State Key Laboratory of Digital Medical Engineering, Department of 
Otolaryngology Head and Neck Surgery, Zhongda Hospital, School of 
Public Health, Advanced Institute for Life and Health, Jiangsu Province 
High-Tech Key Laboratory for Bio-Medical Research, Southeast University, 
Nanjing 210096, China
2Co-Innovation Center of Neuroregeneration, Nantong University, 
Nantong 226001, China
3Department of Otolaryngology Head and Neck Surgery, Nanjing Drum 
Tower Hospital, Affiliated Hospital of Medical School, Jiangsu Provincial 
Key Medical Discipline (Laboratory), Nanjing University, Nanjing  
210008, China
4Department of Otolaryngology Head and Neck Surgery, Sichuan 
Provincial People’s Hospital, University of Electronic Science and 
Technology of China, Chengdu 610072, China
5Department of Otolaryngology-Head and Neck Surgery, Division of Life 
Sciences and Medicine, The First Affiliated Hospital of USTC, University of 
Science and Technology of China, Hefei, Anhui 230001, China
6Department of Neurology, Aerospace Center Hospital, School of Life 
Science, Beijing Institute of Technology, Beijing 100081, China
7Institute for Stem Cell and Regeneration, Chinese Academy of Science, 
Beijing, China
8Southeast University Shenzhen Research Institute, Shenzhen  
518063, China

Received: 8 March 2024 / Accepted: 25 July 2024

References
1.	 Ralli M, Gilardi A, Stadio AD, Severini C, Salzano FA, Greco A, Vincentiis M. 

Hearing loss and alzheimer’s disease: a review. Int Tinnitus J. 2019;23:79–85.
2.	 Lee MY, Park YH. Potential of gene and cell therapy for inner ear hair cells. 

Biomed Res Int. 2018;2018:8137614.
3.	 Saidia AR, Ruel J, Bahloul A, Chaix B, Venail F, Wang J. Current advances in 

Gene therapies of genetic auditory neuropathy spectrum disorder. J Clin Med 
2023, 12.

4.	 Bao J, Ohlemiller KK. Age-related loss of spiral ganglion neurons. Hear Res. 
2010;264:93–7.

5.	 Jansen TT, Bremer HG, Topsakal V, Hendriksen FG, Klis SF, Grolman W. Deaf-
ness induction in mice. Otol Neurotol. 2013;34:1496–502.

6.	 Shrestha BR, Chia C, Wu L, Kujawa SG, Liberman MC, Goodrich LV. 
Sensory neuron diversity in the inner ear is shaped by activity. Cell. 
2018;174:1229–e12461217.

7.	 Ramamurthy P, White JB, Yull Park J, Hume RI, Ebisu F, Mendez F, Takayama S, 
Barald KF. Concomitant differentiation of a population of mouse embryonic 
stem cells into neuron-like cells and schwann cell-like cells in a slow-flow 
microfluidic device. Dev Dyn. 2017;246:7–27.

8.	 Pouraghaei S, Moztarzadeh F, Chen C, Ansari S, Moshaverinia A. Microenvi-
ronment can induce development of auditory progenitor cells from human 
gingival mesenchymal stem cells. ACS Biomater Sci Eng. 2020;6:2263–73.

9.	 Dudarewicz A, Pawlaczyk-Łuszczyńska M, Zaborowski K, Pontoppidan 
NH, Wolniakowska A, Bramsløw L, Christensen JH, Katrakazas P, Brdaric 

D, Samardžić S, Śliwińska-Kowalska M. The adaptation of noise-induced 
temporary hearing threshold shift predictive models for modelling the public 
health policy. Int J Occup Med Environ Health. 2023.

10.	 Kurabi A, Keithley EM, Housley GD, Ryan AF, Wong AC. Cellular mechanisms 
of noise-induced hearing loss. Hear Res. 2017;349:129–37.

11.	 Moser T, Starr A. Auditory neuropathy–neural and synaptic mechanisms. Nat 
Rev Neurol. 2016;12:135–49.

12.	 Fernandez KA, Jeffers PW, Lall K, Liberman MC, Kujawa SG. Aging after noise 
exposure: acceleration of cochlear synaptopathy in recovered ears. J Neuro-
sci. 2015;35:7509–20.

13.	 Puel JL, Ruel J, Gervais d’Aldin C, Pujol R. Excitotoxicity and repair of 
cochlear synapses after noise-trauma induced hearing loss. NeuroReport. 
1998;9:2109–14.

14.	 Kujawa SG, Liberman MC. Adding insult to injury: cochlear nerve 
degeneration after temporary noise-induced hearing loss. J Neurosci. 
2009;29:14077–85.

15.	 Yin D, Zhang T, Dai P. The purinergic receptors 2X3 on spiral ganglion neurons 
enhance the medial olivocochlear reflex in mice after long-term moderate 
noise exposure. NeuroReport. 2022;33:786–90.

16.	 Johnsson LG. Sequence of degeneration of Corti’s organ and its first-order 
neurons. Ann Otol Rhinol Laryngol. 1974;83:294–303.

17.	 Liberman MC. Noise-Induced hearing loss: Permanent Versus Temporary 
threshold shifts and the effects of hair cell versus neuronal degeneration. Adv 
Exp Med Biol. 2016;875:1–7.

18.	 Bajin MD, Dahm V, Lin VYW. Hidden hearing loss: current concepts. Curr Opin 
Otolaryngol Head Neck Surg. 2022;30:321–5.

19.	 Syka J, Rybalko N. Threshold shifts and enhancement of cortical evoked 
responses after noise exposure in rats. Hear Res. 2000;139:59–68.

20.	 Henderson D, Bielefeld EC, Harris KC, Hu BH. The role of oxidative stress in 
noise-induced hearing loss. Ear Hear. 2006;27:1–19.

21.	 Lamm K, Michaelis C, Deingruber K, Scheler R, Steinhoff HJ, Gröber I, Huth M, 
Kutscher C, Arnold W. [Inner ear damage due to leisure and broadband noise. 
An experimental study on initial and permanent functional and morphologi-
cal damage]. Hno. 2004;52:301–10.

22.	 Bae SH, Kwak SH, Yoo JE, Kim KM, Hyun YM, Choi JY, Jung J. Three-dimen-
sional distribution of Cochlear macrophages in the lateral wall of cleared 
cochlea. Clin Exp Otorhinolaryngol. 2021;14:179–84.

23.	 Liu W, Danckwardt-Lillieström N, Schrott-Fischer A, Glueckert R, Rask-Ander-
sen H. Distribution of immune cells including macrophages in the human 
cochlea. Front Neurol. 2021;12:781702.

24.	 O’Malley JT, Nadol JB Jr., McKenna MJ. Anti CD163+, Iba1+, and CD68 + cells 
in the Adult Human Inner ear: normal distribution of an unappreciated class 
of macrophages/microglia and implications for inflammatory otopathology 
in humans. Otol Neurotol. 2016;37:99–108.

25.	 Miyao M, Firestein GS, Keithley EM. Acoustic trauma augments the cochlear 
immune response to antigen. Laryngoscope. 2008;118:1801–8.

26.	 Shin SH, Yoo JE, Jung J, Choi JY, Bae SH. Inflammatory monocytes infiltrate 
the spiral ligament and migrate to the basilar membrane after noise expo-
sure. Clin Exp Otorhinolaryngol. 2022;15:153–9.

27.	 Yang W, Vethanayagam RR, Dong Y, Cai Q, Hu BH. Activation of the antigen 
presentation function of mononuclear phagocyte populations associated 
with the basilar membrane of the cochlea after acoustic overstimulation. 
Neuroscience. 2015;303:1–15.

28.	 Zhang C, Frye MD, Sun W, Sharma A, Manohar S, Salvi R, Hu BH. New 
insights on repeated acoustic injury: augmentation of cochlear susceptibil-
ity and inflammatory reaction resultant of prior acoustic injury. Hear Res. 
2020;393:107996.

29.	 Shin SA, Lyu AR, Jeong SH, Kim TH, Park MJ, Park YH. Acoustic trauma 
modulates cochlear blood flow and vasoactive factors in a rodent model of 
noise-induced hearing loss. Int J Mol Sci. 2019;20.

30.	 Park HY, Lee MH, Kang SU, Hwang HS, Park K, Choung YH, Kim CH. Nitric oxide 
mediates TNF-α-induced apoptosis in the auditory cell line. Laryngoscope. 
2012;122:2256–64.

31.	 Rodrigues JC, Bachi ALL, Silva GAV, Rossi M, do Amaral JB, Lezirovitz K, de 
Brito R. New insights on the Effect of TNF alpha blockade by gene silencing in 
noise-Induced hearing loss. Int J Mol Sci 2020, 21.

32.	 Katsumi S, Sahin MI, Lewis RM, Iyer JS, Landegger LD, Stankovic KM. 
Intracochlear perfusion of tumor necrosis factor-alpha induces sensorineu-
ral hearing loss and synaptic degeneration in guinea pigs. Front Neurol. 
2019;10:1353.

33.	 Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and 
disease. Cold Spring Harb Perspect Biol. 2014;6:a016295.



Page 18 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

34.	 Wakabayashi K, Fujioka M, Kanzaki S, Okano HJ, Shibata S, Yamashita D, 
Masuda M, Mihara M, Ohsugi Y, Ogawa K, Okano H. Blockade of interleukin-6 
signaling suppressed cochlear inflammatory response and improved hearing 
impairment in noise-damaged mice cochlea. Neurosci Res. 2010;66:345–52.

35.	 Mizushima Y, Fujimoto C, Kashio A, Kondo K, Yamasoba T. Macrophage 
recruitment, but not interleukin 1 beta activation, enhances noise-induced 
hearing damage. Biochem Biophys Res Commun. 2017;493:894–900.

36.	 Schuknecht HF, Gacek MR. Cochlear pathology in presbycusis. Ann Otol 
Rhinol Laryngol. 1993;102:1–16.

37.	 Shin M, Pandya M, Espinosa K, Telang R, Boix J, Thorne PR, Vlajkovic SM. 
Istradefylline mitigates Age-related hearing loss in C57BL/6J mice. Int J Mol 
Sci. 2021;22.

38.	 Kujawa SG, Liberman MC. Acceleration of age-related hearing loss by early 
noise exposure: evidence of a misspent youth. J Neurosci. 2006;26:2115–23.

39.	 Sergeyenko Y, Lall K, Liberman MC, Kujawa SG. Age-related cochlear synap-
topathy: an early-onset contributor to auditory functional decline. J Neurosci. 
2013;33:13686–94.

40.	 Wong AC, Ryan AF. Mechanisms of sensorineural cell damage, death and 
survival in the cochlea. Front Aging Neurosci. 2015;7:58.

41.	 Bai U, Seidman MD, Hinojosa R, Quirk WS. Mitochondrial DNA deletions 
associated with aging and possibly presbycusis: a human archival temporal 
bone study. Am J Otol. 1997;18:449–53.

42.	 Keithley EM, Canto C, Zheng QY, Wang X, Fischel-Ghodsian N, Johnson 
KR. Cu/Zn superoxide dismutase and age-related hearing loss. Hear Res. 
2005;209:76–85.

43.	 Lang H, Schulte BA, Zhou D, Smythe N, Spicer SS, Schmiedt RA. Nuclear 
factor kappaB deficiency is associated with auditory nerve degeneration and 
increased noise-induced hearing loss. J Neurosci. 2006;26:3541–50.

44.	 Nevado J, Sanz R, Casqueiro JC, Ayala A, García-Berrocal JR, Ramírez-Camacho 
R. Ageing evokes an intrinsic pro-apoptotic signalling pathway in rat cochlea. 
Acta Otolaryngol. 2006;126:1134–9.

45.	 Someya S, Yamasoba T, Weindruch R, Prolla TA, Tanokura M. Caloric restriction 
suppresses apoptotic cell death in the mammalian cochlea and leads to 
prevention of presbycusis. Neurobiol Aging. 2007;28:1613–22.

46.	 Chen X, Li D, Sun HY, Wang WW, Wu H, Kong W, Kong WJ. Relieving ferrop-
tosis may partially reverse neurodegeneration of the auditory cortex. Febs J. 
2020;287:4747–66.

47.	 Ouda L, Syka J. Immunocytochemical profiles of inferior colliculus neurons in 
the rat and their changes with aging. Front Neural Circuits. 2012;6:68.

48.	 Lin X, Luo J, Tan J, Yang L, Wang M, Li P. Experimental animal models of 
drug-induced sensorineural hearing loss: a narrative review. Ann Transl Med. 
2021;9:1393.

49.	 Longenecker RJ, Gu R, Homan J, Kil J. Development of Tinnitus and Hyper-
acusis in a mouse model of tobramycin cochleotoxicity. Front Mol Neurosci. 
2021;14:715952.

50.	 Ding D, McFadden SL, Browne RW, Salvi RJ. Late dosing with ethacrynic acid 
can reduce gentamicin concentration in perilymph and protect cochlear hair 
cells. Hear Res. 2003;185:90–6.

51.	 Febles NK, Bauer MA, Ding B, Zhu X, Gallant ND, Frisina RD. A combinatorial 
approach to protect sensory tissue against cisplatin-induced ototoxicity. Hear 
Res. 2022;415:108430.

52.	 Fuertes MA, Alonso C, Pérez JM. Biochemical modulation of cisplatin mecha-
nisms of action: enhancement of antitumor activity and circumvention of 
drug resistance. Chem Rev. 2003;103:645–62.

53.	 Karasawa T, Steyger PS. An integrated view of cisplatin-induced nephrotoxic-
ity and ototoxicity. Toxicol Lett. 2015;237:219–27.

54.	 Liu W, Xu L, Wang X, Zhang D, Sun G, Wang M, Wang M, Han Y, Chai R, Wang 
H. PRDX1 activates autophagy via the PTEN-AKT signaling pathway to protect 
against cisplatin-induced spiral ganglion neuron damage. Autophagy. 
2021;17:4159–81.

55.	 Cohen BE, Durstenfeld A, Roehm PC. Viral causes of hearing loss: a review for 
hearing health professionals. Trends Hear. 2014;18.

56.	 Chatzakis C, Sotiriadis A, Dinas K, Ville Y. Neonatal and long-term outcomes of 
infants with congenital cytomegalovirus infection and negative amnio-
centesis: systematic review and meta-analysis. Ultrasound Obstet Gynecol. 
2023;61:158–67.

57.	 Sung CYW, Seleme MC, Payne S, Jonjic S, Hirose K, Britt W. Virus-induced 
cochlear inflammation in newborn mice alters auditory function. JCI Insight. 
2019;4.

58.	 Li M, Guo M, Xu Y, Wu L, Chen M, Dong Y, Zheng L, Chen D, Qiao Y, Ke Z, Shi 
X. Murine cytomegalovirus employs the mixed lineage kinases family to 

regulate the spiral ganglion neuron cell death and hearing loss. Neurosci 
Lett. 2023;793:136990.

59.	 Li M, Wu L, Chen M, Dong Y, Zheng L, Chen D, Qiao Y, Ke Z, Shi X. Co-
activation of Caspase-1 and Caspase-8 in CMV-induced SGN death by 
inflammasome-associated pyroptosis and apoptosis. Int Immunopharmacol. 
2022;113:109305.

60.	 Meng X, Wang J, Sun J, Zhu K. COVID-19 and sudden sensorineural hearing 
loss: a systematic review. Front Neurol. 2022;13:883749.

61.	 Kalcioglu MT, Cag Y, Kilic O, Tuysuz O. Can COVID-19 cause sudden sensori-
neural hearing loss? Int J Infect Dis. 2020;101:205.

62.	 Frosolini A, Franz L, Daloiso A, de Filippis C, Marioni G. Sudden Sensorineural 
hearing loss in the COVID-19 pandemic: a systematic review and meta-
analysis. Diagnostics (Basel). 2022;12.

63.	 Ding N, Lee S, Lieber-Kotz M, Yang J, Gao X. Advances in genome editing for 
genetic hearing loss. Adv Drug Deliv Rev. 2021;168:118–33.

64.	 Jiang L, Wang D, He Y, Shu Y. Advances in gene therapy hold promise for 
treating hereditary hearing loss. Mol Ther. 2023;31:934–50.

65.	 Reisinger E, Trapani I. Gene therapy proves successful in treating hereditary 
deafness. Lancet. 2024;403:2267–9.

66.	 Tekin M, Arnos KS, Pandya A. Advances in hereditary deafness. Lancet. 
2001;358:1082–90.

67.	 Smith RJ, Bale JF Jr., White KR. Sensorineural hearing loss in children. Lancet. 
2005;365:879–90.

68.	 Zhang L, Chen X, Wang X, Zhou Y, Fang Y, Gu X, Zhang Z, Sun Q, Li N, Xu L et 
al. AAV-mediated gene cocktails enhance supporting cell reprogramming 
and hair cell regeneration. Adv Sci (Weinh) 2024:e2304551.

69.	 Coate TM, Raft S, Zhao X, Ryan AK, Crenshaw EB 3rd, Kelley MW. Otic mesen-
chyme cells regulate spiral ganglion axon fasciculation through a Pou3f4/
EphA4 signaling pathway. Neuron. 2012;73:49–63.

70.	 Brooks PM, Rose KP, MacRae ML, Rangoussis KM, Gurjar M, Hertzano R, 
Coate TM. Pou3f4-expressing otic mesenchyme cells promote spiral 
ganglion neuron survival in the postnatal mouse cochlea. J Comp Neurol. 
2020;528:1967–85.

71.	 Ruel J, Emery S, Nouvian R, Bersot T, Amilhon B, Van Rybroek JM, Rebillard 
G, Lenoir M, Eybalin M, Delprat B, et al. Impairment of SLC17A8 encoding 
vesicular glutamate transporter-3, VGLUT3, underlies nonsyndromic deaf-
ness DFNA25 and inner hair cell dysfunction in null mice. Am J Hum Genet. 
2008;83:278–92.

72.	 Liu W, Rask-Andersen H. GJB2 and GJB6 gene transcripts in the human 
cochlea: a study using RNAscope, confocal, and super-resolution structured 
illumination microscopy. Front Mol Neurosci. 2022;15:973646.

73.	 Tsuzuki N, Namba K, Saegusa C, Mutai H, Nishiyama T, Oishi N, Matsunaga T, 
Fujioka M, Ozawa H. Apoptosis of type I spiral ganglion neuron cells in Otof-
mutant mice. Neurosci Lett. 2023;803:137178.

74.	 Sundaresan S, Balasubbu S, Mustapha M. Thyroid hormone is required for 
the pruning of afferent type II spiral ganglion neurons in the mouse cochlea. 
Neuroscience. 2016;312:165–78.

75.	 Lv J, Wang H, Cheng X, Chen Y, Wang D, Zhang L, Cao Q, Tang H, Hu S, Gao K, 
et al. AAV1-hOTOF gene therapy for autosomal recessive deafness 9: a single-
arm trial. Lancet. 2024;403:2317–25.

76.	 McDermott JH, Molina-Ramírez LP, Bruce IA, Mahaveer A, Turner M, Miele G, 
Body R, Mahood R, Ulph F, MacLeod R, et al. Diagnosing and preventing hear-
ing loss in the genomic age. Trends Hear. 2019;23:2331216519878983.

77.	 Li H, Liu H, Heller S. Pluripotent stem cells from the adult mouse inner ear. Nat 
Med. 2003;9:1293–9.

78.	 Moon BS, Lu W, Park HJ. Valproic acid promotes the neuronal differentiation 
of spiral ganglion neural stem cells with robust axonal growth. Biochem 
Biophys Res Commun. 2018;503:2728–35.

79.	 Moon BS, Ammothumkandy A, Zhang N, Peng L, Ibrayeva A, Bay M, Pratap A, 
Park HJ, Bonaguidi MA, Lu W. The Presence of neural stem cells and changes 
in Stem Cell-Like Activity with Age in mouse spiral ganglion cells in vivo and 
in Vitro. Clin Exp Otorhinolaryngol. 2018;11:224–32.

80.	 Senn P, Mina A, Volkenstein S, Kranebitter V, Oshima K, Heller S. Progenitor 
cells from the adult human inner ear. Anat Rec (Hoboken). 2020;303:461–70.

81.	 Young RA. Control of the embryonic stem cell state. Cell. 2011;144:940–54.
82.	 Li H, Roblin G, Liu H, Heller S. Generation of hair cells by stepwise differentia-

tion of embryonic stem cells. Proc Natl Acad Sci U S A. 2003;100:13495–500.
83.	 Chen W, Jongkamonwiwat N, Abbas L, Eshtan SJ, Johnson SL, Kuhn S, 

Milo M, Thurlow JK, Andrews PW, Marcotti W, et al. Restoration of audi-
tory evoked responses by human ES-cell-derived otic progenitors. Nature. 
2012;490:278–82.



Page 19 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

84.	 Matsuoka AJ, Morrissey ZD, Zhang C, Homma K, Belmadani A, Miller CA, 
Chadly DM, Kobayashi S, Edelbrock AN, Tanaka-Matakatsu M, et al. Directed 
differentiation of human embryonic stem cells toward placode-derived spiral 
ganglion-like sensory neurons. Stem Cells Transl Med. 2017;6:923–36.

85.	 Heuer RA, Nella KT, Chang HT, Coots KS, Oleksijew AM, Roque CB, Silva LHA, 
McGuire TL, Homma K, Matsuoka AJ. Three-dimensional otic neuronal pro-
genitor spheroids derived from human embryonic stem cells. Tissue Eng Part 
A. 2021;27:256–69.

86.	 Needham K, Minter RL, Shepherd RK, Nayagam BA. Challenges for stem cells 
to functionally repair the damaged auditory nerve. Expert Opin Biol Ther. 
2013;13:85–101.

87.	 Needham K, Hyakumura T, Gunewardene N, Dottori M, Nayagam BA. Electro-
physiological properties of neurosensory progenitors derived from human 
embryonic stem cells. Stem Cell Res. 2014;12:241–9.

88.	 Ryugo DK, Kretzmer EA, Niparko JK. Restoration of auditory nerve synapses in 
cats by cochlear implants. Science. 2005;310:1490–2.

89.	 Yuan Y, Wang Y, Chi F. Reinnervation of hair cells by neural stem cell-derived 
neurons. Chin Med J (Engl). 2014;127:2972–6.

90.	 Zhang PZ, He Y, Jiang XW, Chen FQ, Chen Y, Shi L, Chen J, Chen X, Li X, Xue T, 
et al. Stem cell transplantation via the cochlear lateral wall for replacement of 
degenerated spiral ganglion neurons. Hear Res. 2013;298:1–9.

91.	 Xu YP, Shan XD, Liu YY, Pu Y, Wang CY, Tao QL, Deng Y, Cheng Y, Fan JP. Olfac-
tory epithelium neural stem cell implantation restores noise-induced hearing 
loss in rats. Neurosci Lett. 2016;616:19–25.

92.	 Regala C, Duan M, Zou J, Salminen M, Olivius P. Xenografted fetal dorsal 
root ganglion, embryonic stem cell and adult neural stem cell survival 
following implantation into the adult vestibulocochlear nerve. Exp Neurol. 
2005;193:326–33.

93.	 Hu Z, Ulfendahl M, Olivius NP. NGF stimulates extensive neurite outgrowth 
from implanted dorsal root ganglion neurons following transplantation into 
the adult rat inner ear. Neurobiol Dis. 2005;18:184–92.

94.	 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell. 
2006;126:663–76.

95.	 Kiernan AE, Pelling AL, Leung KK, Tang AS, Bell DM, Tease C, Lovell-Badge R, 
Steel KP, Cheah KS. Sox2 is required for sensory organ development in the 
mammalian inner ear. Nature. 2005;434:1031–5.

96.	 Ahmed M, Xu J, Xu PX. EYA1 and SIX1 drive the neuronal developmental 
program in cooperation with the SWI/SNF chromatin-remodeling complex 
and SOX2 in the mammalian inner ear. Development. 2012;139:1965–77.

97.	 Gunewardene N, Bergen NV, Crombie D, Needham K, Dottori M, Nayagam 
BA. Directing human induced pluripotent stem cells into a neurosensory 
lineage for auditory neuron replacement. Biores Open Access. 2014;3:162–75.

98.	 Zhu H, Chen J, Guan L, Xiong S, Jiang H. The transplantation of induced 
pluripotent stem cells into the cochleae of mature mice. Int J Clin Exp Pathol. 
2018;11:4423–30.

99.	 Lee HS, Kim WJ, Gong JS, Park KH. Clinical safety and efficacy of autologous 
bone marrow-derived mesenchymal stem cell transplantation in sensorineu-
ral hearing loss patients. J Audiol Otol. 2018;22:105–9.

100.	 Matsuoka AJ, Kondo T, Miyamoto RT, Hashino E. Enhanced survival of 
bone-marrow-derived pluripotent stem cells in an animal model of auditory 
neuropathy. Laryngoscope. 2007;117:1629–35.

101.	 Jang S, Cho HH, Kim SH, Lee KH, Jun JY, Park JS, Jeong HS, Cho YB. Neural-
induced human mesenchymal stem cells promote cochlear cell regeneration 
in deaf guinea pigs. Clin Exp Otorhinolaryngol. 2015;8:83–91.

102.	 Guo L, Wei X, Jiang P. The use of gene-modified bone marrow mesenchymal 
stem cells for cochlear cell therapy. Transpl Immunol. 2021;68:101433.

103.	 Kamiya K, Fujinami Y, Hoya N, Okamoto Y, Kouike H, Komatsuzaki R, Kusano 
R, Nakagawa S, Satoh H, Fujii M, Matsunaga T. Mesenchymal stem cell 
transplantation accelerates hearing recovery through the repair of injured 
cochlear fibrocytes. Am J Pathol. 2007;171:214–26.

104.	 Batsali AK, Kastrinaki MC, Papadaki HA, Pontikoglou C. Mesenchymal stem 
cells derived from Wharton’s Jelly of the umbilical cord: biological properties 
and emerging clinical applications. Curr Stem Cell Res Ther. 2013;8:144–55.

105.	 Marino L, Castaldi MA, Rosamilio R, Ragni E, Vitolo R, Fulgione C, Castaldi SG, 
Serio B, Bianco R, Guida M, Selleri C. Mesenchymal stem cells from the Whar-
ton’s Jelly of the human umbilical cord: biological properties and therapeutic 
potential. Int J Stem Cells. 2019;12:218–26.

106.	 Moreira A, Alayli Y, Balgi S, Winter C, Kahlenberg S, Mustafa S, Hornsby P. 
Upcycling umbilical cords: bridging regenerative medicine with neonatol-
ogy. J Matern Fetal Neonatal Med. 2019;32:1378–87.

107.	 Devarajan K, Forrest ML, Detamore MS, Staecker H. Adenovector-mediated 
gene delivery to human umbilical cord mesenchymal stromal cells induces 
inner ear cell phenotype. Cell Reprogram. 2013;15:43–54.

108.	 Kil K, Choi MY, Kong JS, Kim WJ, Park KH. Regenerative efficacy of mesenchy-
mal stromal cells from human placenta in sensorineural hearing loss. Int J 
Pediatr Otorhinolaryngol. 2016;91:72–81.

109.	 Mohammadian F, Eatemadi A, Daraee H. Application of stem cell for the 
regeneration of spiral ganglion neurons. Cell Mol Biol (Noisy-le-grand). 
2017;63:6–12.

110.	 Musiał-Wysocka A, Kot M, Sułkowski M, Badyra B, Majka M. Molecular and 
functional verification of Wharton’s jelly mesenchymal stem cells (WJ-MSCs) 
pluripotency. Int J Mol Sci. 2019;20.

111.	 Xu L, Yuan S, Chen W, Ma Y, Luo Y, Guo W, Yang S. Transplantation and Track-
ing of the human umbilical cord mesenchymal stem cell labeled with super-
paramagnetic iron oxide in deaf pigs. Anat Rec (Hoboken). 2020;303:494–505.

112.	 Gonmanee T, Sritanaudomchai H, Vongsavan K, Faisaikarm T, Songsaad A, 
White KL, Thonabulsombat C. Neuronal differentiation of dental pulp stem 
cells from human permanent and deciduous teeth following coculture with 
rat auditory brainstem slices. Anat Rec (Hoboken). 2020;303:2931–46.

113.	 Rawiwet V, Vijitruth R, Thonabulsombat C, Vongsavan K, Sritanaudomchai H. 
Evaluation of the efficacy of human dental pulp stem cell transplantation in 
sprague-Dawley rats with sensorial neural hearing loss. Eur J Dent. 2023.

114.	 Yoo TJ, Du X, Zhou B. The paracrine effect of mesenchymal human stem cells 
restored hearing in β-tubulin induced autoimmune sensorineural hearing 
loss. Hear Res. 2015;330:57–61.

115.	 Jang S, Cho HH, Kim SH, Lee KH, Cho YB, Park JS, Jeong HS. Transplantation of 
human adipose tissue-derived stem cells for repair of injured spiral ganglion 
neurons in deaf guinea pigs. Neural Regen Res. 2016;11:994–1000.

116.	 Chen HC, Liang CM, Wang CH, Huang MY, Lin YY, Shih CP, Kuo CY, Lin YC, 
Chen HK. Transplantation of human limbus-derived mesenchymal stromal 
cells via occipital approach improves hearing in animal auditory neuropathy. 
Int J Pediatr Otorhinolaryngol. 2019;117:67–72.

117.	 Ramekers D, Versnel H, Grolman W, Klis SF. Neurotrophins and their role in the 
cochlea. Hear Res. 2012;288:19–33.

118.	 Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal transduction. 
Annu Rev Biochem. 2003;72:609–42.

119.	 Reichardt LF. Neurotrophin-regulated signalling pathways. Philos Trans R Soc 
Lond B Biol Sci. 2006;361:1545–64.

120.	 Frade JM, Rodríguez-Tébar A, Barde YA. Induction of cell death by endog-
enous nerve growth factor through its p75 receptor. Nature. 1996;383:166–8.

121.	 Thoenen H. Neurotrophins and neuronal plasticity. Science. 1995;270:593–8.
122.	 Teng KK, Felice S, Kim T, Hempstead BL. Understanding proneurotrophin 

actions: recent advances and challenges. Dev Neurobiol. 2010;70:350–9.
123.	 Perny M, Ting CC, Kleinlogel S, Senn P, Roccio M. Generation of otic sensory 

neurons from mouse embryonic stem cells in 3D culture. Front Cell Neurosci. 
2017;11:409.

124.	 Wheeler EF, Bothwell M, Schecterson LC, von Bartheld CS. Expression of BDNF 
and NT-3 mRNA in hair cells of the organ of Corti: quantitative analysis in 
developing rats. Hear Res. 1994;73:46–56.

125.	 Ylikoski J, Pirvola U, Moshnyakov M, Palgi J, Arumäe U, Saarma M. Expression 
patterns of neurotrophin and their receptor mRNAs in the rat inner ear. Hear 
Res. 1993;65:69–78.

126.	 Sang L, Zheng T, Min L, Zhang X, Ma X, Entenman S, Su Y, Zheng Q. Otopro-
tective effects of ethosuximide in NOD/LtJ mice with age-related hearing 
loss. Int J Mol Med. 2017;40:146–54.

127.	 Hansen MR, Zha XM, Bok J, Green SH. Multiple distinct signal pathways, 
including an autocrine neurotrophic mechanism, contribute to the survival-
promoting effect of depolarization on spiral ganglion neurons in vitro. J 
Neurosci. 2001;21:2256–67.

128.	 Chen SD, Wu CL, Hwang WC, Yang DI. More insight into BDNF against Neuro-
degeneration: anti-apoptosis, anti-oxidation, and suppression of autophagy. 
Int J Mol Sci. 2017;18.

129.	 Kirkland RA, Franklin JL. Bax, reactive oxygen, and cytochrome c release in 
neuronal apoptosis. Antioxid Redox Signal. 2003;5:589–96.

130.	 Vannucci RC, Brucklacher RM, Vannucci SJ. Intracellular calcium accumulation 
during the evolution of hypoxic-ischemic brain damage in the immature rat. 
Brain Res Dev Brain Res. 2001;126:117–20.

131.	 Wille I, Harre J, Oehmichen S, Lindemann M, Menzel H, Ehlert N, Lenarz T, War-
necke A, Behrens P. Development of neuronal Guidance fibers for stimulating 
electrodes: basic construction and delivery of a growth factor. Front Bioeng 
Biotechnol. 2022;10:776890.



Page 20 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

132.	 Miller JM, Le Prell CG, Prieskorn DM, Wys NL, Altschuler RA. Delayed neu-
rotrophin treatment following deafness rescues spiral ganglion cells from 
death and promotes regrowth of auditory nerve peripheral processes: effects 
of brain-derived neurotrophic factor and fibroblast growth factor. J Neurosci 
Res. 2007;85:1959–69.

133.	 Scheper V, Hoffmann A, Gepp MM, Schulz A, Hamm A, Pannier C, Hubka 
P, Lenarz T, Schwieger J. Stem cell based drug delivery for protection of 
auditory neurons in a guinea pig model of cochlear implantation. Front Cell 
Neurosci. 2019;13:177.

134.	 Fariñas I, Jones KR, Backus C, Wang XY, Reichardt LF. Severe sensory and sym-
pathetic deficits in mice lacking neurotrophin-3. Nature. 1994;369:658–61.

135.	 Tabakman R, Lecht S, Sephanova S, Arien-Zakay H, Lazarovici P. Interactions 
between the cells of the immune and nervous system: neurotrophins as 
neuroprotection mediators in CNS injury. Prog Brain Res. 2004;146:387–401.

136.	 Jin Y, Lyu AR, Park SJ, Xu J, Cui J, Sohn KC, Hur GM, Jin Y, Park YH. Early postna-
tal NT-3 gene delivery enhances hearing acquisition in the developmental 
period. Laryngoscope. 2016;126:E379–85.

137.	 Wan G, Gómez-Casati ME, Gigliello AR, Liberman MC, Corfas G. Neuro-
trophin-3 regulates ribbon synapse density in the cochlea and induces 
synapse regeneration after acoustic trauma. Elife 2014, 3.

138.	 Ernfors P, Duan ML, ElShamy WM, Canlon B. Protection of auditory neurons 
from aminoglycoside toxicity by neurotrophin-3. Nat Med. 1996;2:463–7.

139.	 Kempfle JS, Duro MV, Zhang A, Amador CD, Kuang R, Lu R, Kashemirov BA, 
Edge AS, McKenna CE, Jung DH. A Novel small molecule neurotrophin-3 
analogue promotes inner ear neurite outgrowth and synaptogenesis in vitro. 
Front Cell Neurosci. 2021;15:666706.

140.	 Küst BM, Copray JC, Brouwer N, Troost D, Boddeke HW. Elevated levels of 
neurotrophins in human biceps brachii tissue of amyotrophic lateral sclerosis. 
Exp Neurol. 2002;177:419–27.

141.	 Van Westerlaak MG, Bär PR, Cools AR, Joosten EA. Malonate-induced cortico-
motoneuron death is attenuated by NT-4, but not by BDNF or NT-3. NeuroRe-
port. 2001;12:1355–8.

142.	 Zheng JL, Stewart RR, Gao WQ. Neurotrophin-4/5 enhances survival of cul-
tured spiral ganglion neurons and protects them from cisplatin neurotoxicity. 
J Neurosci. 1995;15:5079–87.

143.	 DiStefano PS, Friedman B, Radziejewski C, Alexander C, Boland P, Schick CM, 
Lindsay RM, Wiegand SJ. The neurotrophins BDNF, NT-3, and NGF display 
distinct patterns of retrograde axonal transport in peripheral and central 
neurons. Neuron. 1992;8:983–93.

144.	 Gallo G, Letourneau PC. Localized sources of neurotrophins initiate axon col-
lateral sprouting. J Neurosci. 1998;18:5403–14.

145.	 Gallo G, Lefcort FB, Letourneau PC. The trkA receptor mediates growth 
cone turning toward a localized source of nerve growth factor. J Neurosci. 
1997;17:5445–54.

146.	 Bloch J, Fine EG, Bouche N, Zurn AD, Aebischer P. Nerve growth factor- and 
neurotrophin-3-releasing guidance channels promote regeneration of the 
transected rat dorsal root. Exp Neurol. 2001;172:425–32.

147.	 Wang Q, Zhao H, Zheng T, Wang W, Zhang X, Wang A, Li B, Wang Y, Zheng 
Q. Otoprotective effects of mouse nerve growth factor in DBA/2J mice with 
early-onset progressive hearing loss. J Neurosci Res. 2017;95:1937–50.

148.	 Ilag LL, Curtis R, Glass D, Funakoshi H, Tobkes NJ, Ryan TE, Acheson A, Lindsay 
RM, Persson H, Yancopoulos GD, et al. Pan-neurotrophin 1: a genetically 
engineered neurotrophic factor displaying multiple specificities in peripheral 
neurons in vitro and in vivo. Proc Natl Acad Sci USA. 1995;92:607–11.

149.	 Taetzsch T, Brayman VL, Valdez G. FGF binding proteins (FGFBPs): modula-
tors of FGF signaling in the developing, adult, and stressed nervous system. 
Biochim Biophys Acta Mol Basis Dis. 2018;1864:2983–91.

150.	 Grothe C, Wewetzer K. Fibroblast growth factor and its implications for devel-
oping and regenerating neurons. Int J Dev Biol. 1996;40:403–10.

151.	 von Reuss B. Bohlen Und Halbach O: fibroblast growth factors and their 
receptors in the central nervous system. Cell Tissue Res. 2003;313:139–57.

152.	 Wei D, Jin Z, Järlebark L, Scarfone E, Ulfendahl M. Survival, synaptogenesis, 
and regeneration of adult mouse spiral ganglion neurons in vitro. Dev Neuro-
biol. 2007;67:108–22.

153.	 García-Hernández S, Potashner SJ, Morest DK. Role of fibroblast growth 
factor 8 in neurite outgrowth from spiral ganglion neurons in vitro. Brain Res. 
2013;1529:39–45.

154.	 Dazert S, Kim D, Luo L, Aletsee C, Garfunkel S, Maciag T, Baird A, Ryan AF. 
Focal delivery of fibroblast growth factor-1 by transfected cells induces spiral 
ganglion neurite targeting in vitro. J Cell Physiol. 1998;177:123–9.

155.	 Li S, He J, Liu Y, Yang J. FGF22 promotes generation of ribbon synapses 
through downregulating MEF2D. Aging. 2020;12:6456–66.

156.	 Saeki T, Yoshimatsu S, Ishikawa M, Hon CC, Koya I, Shibata S, Hosoya M, Sae-
gusa C, Ogawa K, Shin JW, et al. Critical roles of FGF, RA, and WNT signalling 
in the development of the human otic placode and subsequent lineages in a 
dish. Regen Ther. 2022;20:165–86.

157.	 Varela-Nieto I, Hartl M, Gorospe I, León Y. Anti-apoptotic actions of insulin-like 
growth factors: lessons from development and implications in neoplastic cell 
transformation. Curr Pharm Des. 2007;13:687–703.

158.	 Okano T, Xuan S, Kelley MW. Insulin-like growth factor signaling regulates 
the timing of sensory cell differentiation in the mouse cochlea. J Neurosci. 
2011;31:18104–18.

159.	 Popken GJ, Hodge RD, Ye P, Zhang J, Ng W, O’Kusky JR, D’Ercole AJ. In vivo 
effects of insulin-like growth factor-I (IGF-I) on prenatal and early postnatal 
development of the central nervous system. Eur J Neurosci. 2004;19:2056–68.

160.	 Bondy CA, Cheng CM. Signaling by insulin-like growth factor 1 in brain. Eur J 
Pharmacol. 2004;490:25–31.

161.	 Celaya AM, Rodríguez-de la Rosa L, Bermúdez-Muñoz JM, Zubeldia JM, 
Romá-Mateo C, Avendaño C, Pallardó FV, Varela-Nieto I. IGF-1 haploinsuf-
ficiency causes age-related chronic cochlear inflammation and increases 
noise-Induced hearing loss. Cells. 2021;10.

162.	 Hayashi Y, Yamamoto N, Nakagawa T, Ito J. Insulin-like growth factor 1 inhibits 
hair cell apoptosis and promotes the cell cycle of supporting cells by activat-
ing different downstream cascades after pharmacological hair cell injury in 
neonatal mice. Mol Cell Neurosci. 2013;56:29–38.

163.	 Sanchez-Calderon H, Rodriguez-de la Rosa L, Milo M, Pichel JG, Holley M, 
Varela-Nieto I. RNA microarray analysis in prenatal mouse cochlea reveals 
novel IGF-I target genes: implication of MEF2 and FOXM1 transcription fac-
tors. PLoS ONE. 2010;5:e8699.

164.	 Iwai K, Nakagawa T, Endo T, Matsuoka Y, Kita T, Kim TS, Tabata Y, Ito J. Cochlear 
protection by local insulin-like growth factor-1 application using biodegrad-
able hydrogel. Laryngoscope. 2006;116:529–33.

165.	 Fujiwara T, Hato N, Nakagawa T, Tabata Y, Yoshida T, Komobuchi H, Takeda 
S, Hyodo J, Hakuba N, Gyo K. Insulin-like growth factor 1 treatment via 
hydrogels rescues cochlear hair cells from ischemic injury. NeuroReport. 
2008;19:1585–8.

166.	 Yamahara K, Nishimura K, Ogita H, Ito J, Nakagawa T, Furuta I, Kita T, Omori 
K, Yamamoto N. Hearing preservation at low frequencies by insulin-like 
growth factor 1 in a guinea pig model of cochlear implantation. Hear Res. 
2018;368:92–108.

167.	 Hayashi Y, Yamamoto N, Nakagawa T, Omori K, Ito J. Activation of IGF1 
Signaling in the Cochlea induces the transcription of its mediators during 
the Protection of Cochlear Hair cells against Aminoglycoside. Otol Neurotol. 
2017;38:278–82.

168.	 Nakagawa T, Sakamoto T, Hiraumi H, Kikkawa YS, Yamamoto N, Hamaguchi K, 
Ono K, Yamamoto M, Tabata Y, Teramukai S, et al. Topical insulin-like growth 
factor 1 treatment using gelatin hydrogels for glucocorticoid-resistant 
sudden sensorineural hearing loss: a prospective clinical trial. BMC Med. 
2010;8:76.

169.	 Nakagawa T, Kumakawa K, Usami S, Hato N, Tabuchi K, Takahashi M, Fujiwara 
K, Sasaki A, Komune S, Sakamoto T, et al. A randomized controlled clinical trial 
of topical insulin-like growth factor-1 therapy for sudden deafness refractory 
to systemic corticosteroid treatment. BMC Med. 2014;12:219.

170.	 Yamahara K, Asaka N, Kita T, Kishimoto I, Matsunaga M, Yamamoto N, Omori 
K, Nakagawa T. Insulin-like growth factor 1 promotes cochlear synapse regen-
eration after excitotoxic trauma in vitro. Hear Res. 2019;374:5–12.

171.	 Gao L, Kita T, Katsuno T, Yamamoto N, Omori K, Nakagawa T. Insulin-like 
growth factor 1 on the maintenance of ribbon synapses in mouse cochlear 
explant cultures. Front Cell Neurosci. 2020;14:571155.

172.	 Storkebaum E, Carmeliet P. VEGF: a critical player in neurodegeneration. J Clin 
Invest. 2004;113:14–8.

173.	 Zhang Y, Neng L, Sharma K, Hou Z, Johnson A, Song J, Dabdoub A, Shi X. Peri-
cytes control vascular stability and auditory spiral ganglion neuron survival. 
Elife. 2023;12.

174.	 Lei L, Tang L. Schwann cells genetically modified to express S100A4 increases 
GAP43 expression in spiral ganglion neurons in vitro. Bioengineered. 
2017;8:404–10.

175.	 Shen YC, Thompson DL, Kuah MK, Wong KL, Wu KL, Linn SA, Jewett EM, Shu-
Chien AC, Barald KF. The cytokine macrophage migration inhibitory factor 
(MIF) acts as a neurotrophin in the developing inner ear of the zebrafish, 
Danio rerio. Dev Biol. 2012;363:84–94.

176.	 Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK. Extracellular matrix 
structure. Adv Drug Deliv Rev. 2016;97:4–27.



Page 21 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

177.	 Evans AR, Euteneuer S, Chavez E, Mullen LM, Hui EE, Bhatia SN, Ryan AF. Lam-
inin and fibronectin modulate inner ear spiral ganglion neurite outgrowth in 
an in vitro alternate choice assay. Dev Neurobiol. 2007;67:1721–30.

178.	 Santi PA, Johnson SB. Decellularized ear tissues as scaffolds for stem cell dif-
ferentiation. J Assoc Res Otolaryngol. 2013;14:3–15.

179.	 Mellott AJ, Shinogle HE, Nelson-Brantley JG, Detamore MS, Staecker H. 
Exploiting decellularized cochleae as scaffolds for inner ear tissue engineer-
ing. Stem Cell Res Ther. 2017;8:41.

180.	 Zong L, Chen K, Zhou W, Jiang D, Sun L, Zhang X, Jiang H. Inner ear stem 
cells derived feeder layer promote directional differentiation of amniotic fluid 
stem cells into functional neurons. Hear Res. 2014;316:57–64.

181.	 Pettingill LN, Minter RL, Shepherd RK. Schwann cells genetically modified 
to express neurotrophins promote spiral ganglion neuron survival in vitro. 
Neuroscience. 2008;152:821–8.

182.	 Purcell EK, Seymour JP, Yandamuri S, Kipke DR. In vivo evaluation of a neural 
stem cell-seeded prosthesis. J Neural Eng. 2009;6:026005.

183.	 Lim KS, Alves MH, Poole-Warren LA, Martens PJ. Covalent incorporation of 
non-chemically modified gelatin into degradable PVA-tyramine hydrogels. 
Biomaterials. 2013;34:7097–105.

184.	 Green RA, Lim KS, Henderson WC, Hassarati RT, Martens PJ, Lovell NH, Poole-
Warren LA. Living electrodes: tissue engineering the neural interface. Annu 
Int Conf IEEE Eng Med Biol Soc. 2013;2013:6957–60.

185.	 Goding JA, Gilmour AD, Aregueta-Robles UA, Hasan EA, Green RA. Living 
Bioelectronics: strategies for developing an effective Long-Term Implant with 
functional neural connections. Adv Funct Mater. 2018;28:20.

186.	 De Faveri S, Maggiolini E, Miele E, De Angelis F, Cesca F, Benfenati F, Fadiga L. 
Bio-inspired hybrid microelectrodes: a hybrid solution to improve long-term 
performance of chronic intracortical implants. Front Neuroeng. 2014;7:7.

187.	 Chang HT, Heuer RA, Oleksijew AM, Coots KS, Roque CB, Nella KT, McGuire TL, 
Matsuoka AJ. An engineered three-dimensional stem cell niche in the inner 
ear by applying a nanofibrillar cellulose hydrogel with a sustained-release 
neurotrophic factor delivery system. Acta Biomater. 2020;108:111–27.

188.	 Bhattacharya M, Malinen MM, Lauren P, Lou YR, Kuisma SW, Kanninen L, 
Lille M, Corlu A, GuGuen-Guillouzo C, Ikkala O, et al. Nanofibrillar cellulose 
hydrogel promotes three-dimensional liver cell culture. J Control Release. 
2012;164:291–8.

189.	 Lou YR, Kanninen L, Kuisma T, Niklander J, Noon LA, Burks D, Urtti A, 
Yliperttula M. The use of nanofibrillar cellulose hydrogel as a flexible three-
dimensional model to culture human pluripotent stem cells. Stem Cells Dev. 
2014;23:380–92.

190.	 Goding J, Gilmour A, Martens P, Poole-Warren L, Green R. Interpenetrating 
conducting hydrogel materials for neural interfacing electrodes. Adv Healthc 
Mater. 2017;6.

191.	 Hassarati RT, Dueck WF, Tasche C, Carter PM, Poole-Warren LA, Green RA. 
Improving cochlear implant properties through conductive hydrogel coat-
ings. IEEE Trans Neural Syst Rehabil Eng. 2014;22:411–8.

192.	 Hassarati RT, Marcal H, John L, Foster R, Green RA. Biofunctionalization of 
conductive hydrogel coatings to support olfactory ensheathing cells at 
implantable electrode interfaces. J Biomed Mater Res B Appl Biomater. 
2016;104:712–22.

193.	 Spitzer NC. Electrical activity in early neuronal development. Nature. 
2006;444:707–12.

194.	 Ghasemi-Mobarakeh L, Prabhakaran MP, Morshed M, Nasr-Esfahani MH, 
Ramakrishna S. Electrical stimulation of nerve cells using conductive 
nanofibrous scaffolds for nerve tissue engineering. Tissue Eng Part A. 
2009;15:3605–19.

195.	 Thompson BC, Murray E, Wallace GG. Graphite Oxide to Graphene. Biomateri-
als to Bionics. Adv Mater. 2015;27:7563–82.

196.	 Nayak TR, Andersen H, Makam VS, Khaw C, Bae S, Xu X, Ee PL, Ahn JH, 
Hong BH, Pastorin G, Özyilmaz B. Graphene for controlled and accelerated 
osteogenic differentiation of human mesenchymal stem cells. ACS Nano. 
2011;5:4670–8.

197.	 Kim J, Choi KS, Kim Y, Lim KT, Seonwoo H, Park Y, Kim DH, Choung PH, Cho CS, 
Kim SY, et al. Bioactive effects of graphene oxide cell culture substratum on 
structure and function of human adipose-derived stem cells. J Biomed Mater 
Res A. 2013;101:3520–30.

198.	 Elkhenany H, Amelse L, Lafont A, Bourdo S, Caldwell M, Neilsen N, Dervishi E, 
Derek O, Biris AS, Anderson D, Dhar M. Graphene supports in vitro prolifera-
tion and osteogenic differentiation of goat adult mesenchymal stem cells: 
potential for bone tissue engineering. J Appl Toxicol. 2015;35:367–74.

199.	 Luo Y, Shen H, Fang Y, Cao Y, Huang J, Zhang M, Dai J, Shi X, Zhang Z. 
Enhanced proliferation and osteogenic differentiation of mesenchymal stem 

cells on graphene oxide-incorporated electrospun poly(lactic-co-glycolic 
acid) nanofibrous mats. ACS Appl Mater Interfaces. 2015;7:6331–9.

200.	 Akhavan O, Ghaderi E. The use of graphene in the self-organized differentia-
tion of human neural stem cells into neurons under pulsed laser stimulation. 
J Mater Chem B. 2014;2:5602–11.

201.	 Park SY, Park J, Sim SH, Sung MG, Kim KS, Hong BH, Hong S. Enhanced differ-
entiation of human neural stem cells into neurons on graphene. Adv Mater. 
2011;23:H263–267.

202.	 Guo R, Zhang S, Xiao M, Qian F, He Z, Li D, Zhang X, Li H, Yang X, Wang M, 
et al. Accelerating bioelectric functional development of neural stem cells 
by graphene coupling: implications for neural interfacing with conductive 
materials. Biomaterials. 2016;106:193–204.

203.	 Guo R, Liao M, Ma X, Hu Y, Qian X, Xiao M, Gao X, Chai R, Tang M. Cochlear 
implant-based electric-acoustic stimulation modulates neural stem cell-
derived neural regeneration. J Mater Chem B. 2021;9:7793–804.

204.	 Liao M, Hu Y, Zhang Y, Wang K, Fang Q, Qi Y, Shen Y, Cheng H, Fu X, Tang M, et 
al. 3D Ti(3)C(2)T(x) MXene-Matrigel with Electroacoustic Stimulation to pro-
mote the growth of spiral ganglion neurons. ACS Nano. 2022;16:16744–56.

205.	 Guo R, Xiao M, Zhao W, Zhou S, Hu Y, Liao M, Wang S, Yang X, Chai R, 
Tang M. 2D Ti(3)C(2)T(x)MXene couples electrical stimulation to promote 
proliferation and neural differentiation of neural stem cells. Acta Biomater. 
2022;139:105–17.

206.	 Li Y, Hu Y, Wei H, Cao W, Qi Y, Zhou S, Zhang P, Li H, Li GL, Chai R. Two-dimen-
sional Ti(3)C(2)T(x) MXene promotes electrophysiological maturation of 
neural circuits. J Nanobiotechnol. 2022;20:398.

207.	 Kleinman HK, Martin GR. Matrigel: basement membrane matrix with biologi-
cal activity. Semin Cancer Biol. 2005;15:378–86.

208.	 Rackham CL, Jones PM, King AJ. Maintenance of islet morphology is benefi-
cial for transplantation outcome in diabetic mice. PLoS ONE. 2013;8:e57844.

209.	 Gradinaru LM, Barbalata Mandru M, Drobota M, Aflori M, Butnaru M, Spiridon 
M, Doroftei F, Aradoaei M, Ciobanu RC, Vlad S. Composite materials based on 
iron oxide nanoparticles and polyurethane for improving the quality of MRI. 
Polym (Basel). 2021;13.

210.	 Khani T, Alamzadeh Z, Sarikhani A, Mousavi M, Mirrahimi M, Tabei M, 
Irajirad R, Abed Z, Beik J. Fe(3)O(4)@Au core-shell hybrid nanocomposite 
for MRI-guided magnetic targeted photo-chemotherapy. Lasers Med Sci. 
2022;37:2387–95.

211.	 Li D, Hu Y, Wei H, Chen W, Liu Y, Yan X, Guo L, Liao M, Chen B, Chai R, Tang 
M. Superparamagnetic Iron Oxide nanoparticles and static magnetic field 
regulate neural stem cell proliferation. Front Cell Neurosci. 2021;15:815280.

212.	 Hu Y, Li D, Wei H, Zhou S, Chen W, Yan X, Cai J, Chen X, Chen B, Liao M, et al. 
Neurite extension and orientation of spiral ganglion neurons can be Directed 
by Superparamagnetic Iron Oxide nanoparticles in a magnetic field. Int J 
Nanomed. 2021;16:4515–26.

213.	 Xia L, Zhang C, Su K, Fan J, Niu Y, Yu Y, Chai R. Oriented growth of neural 
stem cell-derived neurons regulated by Magnetic Nanochains. Front Bioeng 
Biotechnol. 2022;10:895107.

214.	 Radotić V, Braeken D, Kovačić D. Microelectrode array-induced neuronal 
alignment directs neurite outgrowth: analysis using a fast Fourier transform 
(FFT). Eur Biophys J. 2017;46:719–27.

215.	 Tuft BW, Xu L, White SP, Seline AE, Erwood AM, Hansen MR, Guymon CA. 
Neural pathfinding on uni- and multidirectional photopolymerized micropat-
terns. ACS Appl Mater Interfaces. 2014;6:11265–76.

216.	 Praetorius M, Brunner C, Lehnert B, Klingmann C, Schmidt H, Staecker H, 
Schick B. Transsynaptic delivery of nanoparticles to the central auditory 
nervous system. Acta Otolaryngol. 2007;127:486–90.

217.	 Brant JA, Adewole DO, Vitale F, Cullen DK. Bioengineering applications 
for hearing restoration: emerging biologically inspired and biointegrated 
designs. Curr Opin Biotechnol. 2021;72:131–8.

218.	 Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. 
Semin Immunol. 2008;20:86–100.

219.	 Dencker F, Dreyer L, Müller D, Zernetsch H, Paasche G, Sindelar R, Glasmacher 
B. A silicone fiber coating as approach for the reduction of fibroblast 
growth on implant electrodes. J Biomed Mater Res B Appl Biomater. 
2017;105:2574–80.

220.	 Dalrymple AN, Robles UA, Huynh M, Nayagam BA, Green RA, Poole-Warren 
LA, Fallon JB, Shepherd RK. Electrochemical and biological performance 
of chronically stimulated conductive hydrogel electrodes. J Neural Eng. 
2020;17:026018.

221.	 Goding J, Gilmour A, Robles UA, Poole-Warren L, Lovell N, Martens P, Green 
R. A living electrode construct for incorporation of cells into bionic devices. 
MRS Commun. 2017;7:487–95.



Page 22 of 22Zhang et al. Journal of Nanobiotechnology          (2024) 22:458 

222.	 Lee H, Bellamkonda RV, Sun W, Levenston ME. Biomechanical analysis of 
silicon microelectrode-induced strain in the brain. J Neural Eng. 2005;2:81–9.

223.	 Wise AK, Fallon JB, Neil AJ, Pettingill LN, Geaney MS, Skinner SJ, Shepherd RK. 
Combining cell-based therapies and neural prostheses to promote neural 
survival. Neurotherapeutics. 2011;8:774–87.

224.	 Urbanchek MG, Kung TA, Frost CM, Martin DC, Larkin LM, Wollstein A, Ced-
erna PS. Development of a regenerative peripheral nerve interface for control 
of a neuroprosthetic limb. Biomed Res Int. 2016;2016:5726730.

225.	 Irwin ZT, Schroeder KE, Vu PP, Tat DM, Bullard AJ, Woo SL, Sando IC, 
Urbanchek MG, Cederna PS, Chestek CA. Chronic recording of hand prosthe-
sis control signals via a regenerative peripheral nerve interface in a rhesus 
macaque. J Neural Eng. 2016;13:046007.

226.	 Neal CA, Nelson-Brantley JG, Detamore MS, Staecker H, Mellott AJ. A protocol 
for Decellularizing Mouse cochleae for inner ear tissue engineering. J Vis Exp. 
2018.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Tissue engineering strategies for spiral ganglion neuron protection and regeneration
	﻿Abstract
	﻿Introduction
	﻿Major causes of spiral ganglion neuron loss
	﻿Noise exposure
	﻿Aging
	﻿Ototoxic drugs
	﻿Infections
	﻿Genetic factors

	﻿Three elements of tissue engineering strategies to preserve and regenerate spiral ganglion neurons
	﻿Seed cells
	﻿Biomolecules
	﻿Scaffolds
	﻿Scaffold materials
	﻿Physical stimulation


	﻿Biohybrid neural interface
	﻿Conclusions and perspectives
	﻿References


