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Abstract:

Background and Aim: Regenerative medicine has been gaining popularity in the field of medicine, 
and the possibilities for tissue regeneration are immense in the field of otorhinolaryngology, which 
involves sensory organs and vital functions such as breathing and swallowing. Regenerative strategies 
offer the potential to restore functions such as hearing, facial expression, olfaction, and speaking, 
thereby reducing the disadvantages and risks related to traditional reconstruction strategies. This 
review summarizes the progress of regenerative medicine in otology and hearing, laryngeal surgery, 
rhinology, and craniofacial reconstruction.
Relevance for Patients: Patients can be informed about the progress of regenerative medicine in the 
field of otorhinolaryngology and how it has evolved to ameliorate the symptoms of common diseases 
or cure even more severe ones.

1. Introduction

Over the past decade, regenerative medicine and tissue engineering have gained 
popularity in the medical and pharmaceutical sectors, owing to the ability of tissue 
engineering to correct medical defects using scaffolds that mimic the natural form and 
function of many organs and tissues. Regenerative medicine can also be applied in the field 
of otorhinolaryngology to treat common anatomical and physiological deficiencies. These 
deficiencies are congenital by nature or can develop from head and neck cancer treatment 
(e.g., radiotherapy and surgery). Tissue replacement, using grafts derived from other 
tissues and artificial materials, is a traditional approach to addressing these deficiencies [1].

Cells, biocompatible scaffolds, and bioactive factors are the three major types of 
treatment used in regenerative medicine (Table 1) [2,3]. Cells, including stem, progenitor, 
or differentiated cells, can be employed to rebuild tissues and alter the immune response 
and cell behavior [4]. Scaffolds, synthetic or biological, are 3D structures designed to fit 
into defects and restore the diseased organs’ function. They can be combined with bioactive 
factors or cell components to control differentiation and migration to specified tissues [5]. 
In vivo, the cell processes involved in cell regeneration can be influenced by various 
molecules, including growth factors, cytokines, hormones, and other compounds [6,7]. In 
addition, these strategies have disadvantages, such as the requirement of immunosuppressive 
drugs, donor site morbidity, infection, and rejection risks [8]. Whilst the transplantation 
of bioengineered tissues can overcome the latter hindering factors, extensive trials to 
overcome the bio-ethical challenges are necessary to significantly improve the use of 
regenerative tissue medicine in the field of otorhinolaryngology.
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The field of otorhinolaryngology is extensive, including 
many different tissues and functions such as hearing, balance, 
olfaction, facial expression, breathing, and speaking. The 
diverse cells and tissues in the ear, nose, and throat, which 
are responsible for the related vital functions, contribute to 
the heterogeneity challenging the exploitation of regenerative 
therapies. This review aims to narratively summarize the 
current state of tissue engineering and regenerative medicine in 
otorhinolaryngology.

2. Methods

This paper provides a literature overview of regenerative 
medicine and tissue engineering in otorhinolaryngology. 
A  literature search was conducted in PubMed, CINAHL, and 
Scopus using the following terms: “regenerative medicine,” 
“tissue engineering,” “regenerative surgery,” “stem cells,” “ear,” 
“cochlea,” “hearing loss,” “nose,” “larynx,” “head and neck,” 
“vocal fold,” “trachea,” “craniofacial,” “otology,” “rhinology,” 
“laryngology,” “salivary glands,” and “otorhinolaryngology,” 
from database inception to 2022. We used Boolean operators to 
refine our search. In addition, review articles from the reference 
list were included.

All randomized and non-randomized controlled prospective 
and retrospective trials and case series of two or more patients 
of any age were included. Only articles written in English were 
further considered for the study. Duplicates were excluded. 
Articles related to oral surgery and maxillofacial surgery were 
excluded. Although randomized controlled trials were prioritized 
and human clinical trials were preferred, animal trials were also 
reviewed and included. Most articles were pre-clinical animal 
studies, reflecting the current state of research on this topic. 
Information from completed early-phase clinical trials was 
included, while ongoing clinical trials were excluded. Articles 
were analyzed and selected based on relevance to the topic of 
interest.

3. Results

The literature search identified 622 studies, of which 105 fit 
the eligibility criteria for data curation. Forty studies reported 
on otology and hearing, eight on craniofacial cartilaginous 
reconstruction, four on salivary glands, and 46 on laryngology.

4. Applications in Otology and Hearing

4.1. Cochlea

Loss of hearing, congenital or acquired, results in the hair 
cells’ inability to function correctly and subsequent death [9]. 
The absence of hair cells causes the death of spiral ganglion 
neurons (SGNs) [9]. The mature mammalian cochlea in mammals 
is incapable of hair cell regeneration [10]. Intracellular stem 
cell activation and external stem cell transplantation are two 
approaches in regenerative medicine that can potentially treat 
sensorineural hearing loss. The first approach is to stimulate the 
stem cells present in the organ of Corti, leading to the replacement 
of damaged hair cells. The second technique involves introducing 
stem cells from an external source into the inner ear. Several papers 
reported using mesenchymal stem cells (MSCs) in animal models 
with hearing loss (Table 2). The injection of primary MSCs into 
the cochlea may result in the survival of hair cells [9]. However, 
there is currently minimal indication of the transdifferentiation of 
MSCs into hair-like cells or neurons in vivo [9].

Jang et al. implanted human bone marrow MSCs (BM-MSCs) 
into the cochlea of neomycin-deafened guinea pigs, resulting in 
a more significant number of SGNs as compared to the control 
group [11]. MSCs have also been utilized in human research 
but with minimal hearing enhancement [12]. In 2015, a clinical 
experiment explored the efficacy of transplanting autologous 
BM-MSCs in patients with sensorineural hearing loss. Two 
individuals were intravenously injected with cells, but their 
hearing did not improve [12]. Eleven children participated in 
another clinical trial using an autologous umbilical cord stem 
cell infusion [13]. There were no adverse events reported, and 
significant improvement in hearing was discovered from several 
hearing tests.

It is more difficult to regenerate the auditory nerve using stem 
cell technology due to the electrical features of those cells and 
the requirement for an adequate connection with the remaining 
residual auditory neurons [14]. In vitro studies have revealed 
that MSCs obtained from the olfactory mucosa can stimulate 
the myelination of oligodendrocytes [9]. However, an ideal 
transplantation method has not been established thus far. Systemic 
injection, injection into the scala tympani via the round window or 
a basal turn cochleostomy, and injection into the scala media are 
some of the stem cell transfer methods for the cochlea [14].

Table 1. Tissue engineering and regenerative medicine concepts
Stem cells Bioactive factors Scaffolds

Totipotent stem cells Pluripotent stem cells Multipotent stem cells Biological 
material

Synthetic 
material

Differentiate into 
embryonic and 
extra‑embryonic tissues

Differentiate into the entire 
range of derivatives of 
all three embryonic germ 
layers

Differentiate into derivatives of 
multiple cell lineages

Cytokines, growth 
factors, hormones, and 
morphogenic proteins

Trachea 
and aortic 
allograft

Ceramic, metal, 
polymer, and 
composite

Obtained from an early 
embryo in the two‑cell 
stage

Includes ESC and iPSC Includes NSCs and MSCs from the 
bone marrow, fat, skin, umbilical 
cord, and/or muscle

Abbreviations: ESC: Embryonic stem cell; NSCs: Neural stem cells; MSCs: Mesenchymal stem cells; iPSC: induced pluripotent stem cell.
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Table 2. Animal model studies on MSCs in hearing loss
Study Cell type Method Model Results

Pandit et al., 2011 [20] Human OSCs Injection of OSCs into the 
cochlea through lateral 
cochleostomy

Mice The hearing thresholds were substantially 
lower in the experimental group as compared 
to the control group. There was no integration 
of transplanted cells into cochlear tissues.

Choi et al., 2012 [21] Human BM‑MSCs Intravenous injection of 
MSCs

Rats Most of the injected MSCs were located in the 
lungs and a small number were in the spiral 
ganglion region.

Kasagi et al., 2013 [22] Mouse MSCs Infusion of MSCs into the 
ampulla of SCC

Mice MSCs moved to the cochlea and differentiated 
into fibrocytes. The auditory brainstem 
response (ABR) did not alter in the 
experimental group compared to the control 
group.

Bas et al., 2014 [23] Human olfactory MSC‑like 
stem cells

Applied MSCs to cochlear 
cultures

Rats The spiral ganglion neuron population was 
restored.

Jang et al., 2015 [11] Human bone marrow 
neural‑induced MSCs

hMSCs were transplanted 
into the scala tympani of 
damaged cochlea

Guinea pigs Transplanted hMSCs were found within the 
perilymphatic space, the organ of Corti, along 
the cochlear nerve fibers, and in the spiral 
ganglion. The quantity of SGNs was elevated 
in comparison to the control group.

Yoo et al., 2015 [24] Human adipose 
tissue‑derived MSCs

Intraperitoneal injection of 
hMSCs

Mouse model 
of autoimmune 
hearing loss

There were improvements in hearing function 
in the intervention group as compared to the 
control group.

Xu et al., 2016 [25] Rat olfactory epithelium 
neural stem cells

Stem cells were injected 
straight into the cochlea

Rats There was migration of stem cells around 
the SGNs, and hearing loss improved as 
determined by ABR.

Le et al., 2017 [26] Magnetically labeled rat 
MSCs

MSCs were injected into the 
systemic circulation

Rats The presence of MSCs in the cochlea was 
identified, and the experimental group had a 
significant increase in hearing threshold levels.

Chen et al., 2018 [27] Human urinary cells 
reprogrammed into iPSCs

OEPs were produced from 
iPSCs and transplanted into 
the cochlea of mice

Mice A healthy donor’s urine cells were converted 
into iPSCs. These were stimulated to develop 
into OEPs and hair cell‑like cells. Co‑cultured 
hair cell‑like cells generated from OEP 
developed synaptic connections with SGNs in 
vitro. OEPs were produced from iPSCs and 
transplanted into the cochlea of mice. Some 
transplanted cells moved in the organ of Corti 
to the site of resident hair cells, developed into 
hair cell‑like cells, and established synaptic 
connections in vivo with the native SGNs.

Betini et al., 2018 [28] Human BM‑MSCs ASCs MSCs were intravenously 
injected into deafened mice

Mice Both types of MSCs induced the regeneration 
of damaged sensory cochlear cells.

Mittal et al., 2019 [29] Rat BM‑ MSCs Transtympanic delivery of 
BM MSCs

Rats There were ABR and DPOAE, and the 
cochlear function of the treated animals 
normalized as compared to the control groups. 
No inflammatory reactions were detected.

Abd El Raouf et al., 2019[30] Harderian gland‑derived 
stem cells (HG‑SCs)

Intravenous injection of 
HG‑SCs

Guinea pigs In the HG‑SC‑treated group, both cochlear 
structure and functions were restored, along 
with a considerable increase in hair cell 
numbers, spiral ganglionic cell count, and stria 
vascularis thickness to levels comparable to 
those of the control group.

Radeloff et al., 2021 [31] ASCs ASCs were autologously 
transplanted into the scala 
tympani before the insertion 
of a cochlear implant on 
one side

Guinea pigs ASC transplantation enhanced the number 
of SGNs as well as their peripheral neurites. 
Mean ABR thresholds were lower, and 
suprathreshold amplitudes were greater in 
ASC‑transplanted mice, indicating a bigger 
population of auditory nerve fibers.

Abbreviations: ABR: Auditory brainstem response; ASC: Adipose tissue‑derived stem cell; BM‑MSC: Bone marrow mesenchymal stem cell; DPOAE: Distortion product otoacoustic emissions; 
HG‑SCs: Harderian gland‑derived stem cells; hMSCs: human mesenchymal stem cells; iPSCs: induced pluripotent stem cells; MSC: Mesenchymal stem cell; OEPs: Otic epithelial progenitors; 
OSC: Olfactory stem cell; SCC: Superior semicircular canal; SGNs: Spiral ganglion neurons.
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Furthermore, the cells must be able to incorporate into the 
organ of Corti following injection and survive the potentially 
lethal high potassium concentration of the endolymph [15,16]. 
Lee et al. evaluated the viability of human embryonic stem cells 
(ESCs) in the cochlea of deaf guinea pigs preconditioned to have 
low potassium levels [17]. Their study indicated that temporarily 
lowering the potassium concentration in the endolymph before 
transplantation, by flushing it with sodium caprate, contributed to 
a 1-week survival of human ESCs in the endolymph.

Injecting genes and medications to rejuvenate the present cells 
of the inner ear is challenging. Researchers have already tested the 
efficacy of the gene-editing technology CRISPR/Cas9 in treating 
animal models with autosomal dominant hearing loss [18]. To 
activate the existing cells, the future treatment will involve 
combining stem cell therapy, gene therapy, and pharmacological 
therapy. In 2020, Huang et al. developed an induced pluripotent 
stem cell (iPSC) line from a 7-year-old male patient with a 
homozygous GJB2 c.235delC mutation [19]. Human SOX2, 
OCT4, KLF4, and c-MYC reprogramming factors were expressed 
in reprogrammed peripheral blood mononuclear cells. Five iPSC 
clones were manually selected, grown, and stored; their capacity 
to differentiate into three germ layers was revealed. Genetic 
technology can precisely regulate stem cells in vivo, ameliorating 
their applicability in therapies.

4.2. Tympanic membrane (TM)

The TM is a thin membrane between the external and middle 
ear. TM perforations (TMPs) are a significant issue in otology. 
While acute TMPs can heal naturally, chronic TMPs require 
surgery (i.e., tympanoplasty). The standard surgical procedure is 
performed through tympanoplasty, using the perichondrium or 
temporalis fascia to rectify the TMP. In regenerative therapy, a 
range of scaffold materials (e.g., hyaluronic acid [HA], collagen, 
chitosan, and gel foam), growth factors, and cells have been used 
as therapies for TMP (Table 3).

4.3. Growth factors in TMP regeneration

Growth factors have been studied for the repair of TMPs. 
A  randomized controlled trial conducted by Lou and Lou 
included 184 patients with traumatic TMP [32]. The intervention 
groups received drops containing EGF, FGF-2, and ofloxacin, 
respectively  [32]. The study reported that all treatment groups 
had significantly shorter closure times than the control group. 
A randomized controlled trial with 93 study subjects treated with 
basic fibroblast growth factor (bFGF) displayed a substantially 
higher closure rate and a considerably shorter closure time in 
the experimental group than in the control group [33]. Cai et al. 
examined the short- and long-term detrimental effects of fibroblast 
growth factor-2 (FGF-2) therapy in 134  patients with tympanic 
perforations. The results revealed that the total closure rate and the 
closure healing duration were much better in the FGF-2 group [34]. 
Kanemaru et al. investigated the use of fibrin glue and gelatin sponge 
with bFGF, the use of which demonstrated increased healing rates 
of complete TMP closure as compared to the control group [35].

4.4. Stem cells in TM regeneration

The use of stem cells in regenerative techniques for TMP 
recovery has been studied in animal models [36]. Scaffold 
materials can be used as supporting structures to provide 
mechanical assistance and deliver cells for cell proliferation and 
differentiation. Combining scaffolds with MSCs or growth factors 
has improved TPM healing efficacy. In two studies by Goncalves 
et al., the combination of BM-MSCs with a HA scaffold or gelatin 
sponge, respectively, resulted in enhanced TMP recovery [37,38].

In a clinical trial by Vozel et al., [11] patients were given 
autologous platelet-  and extracellular vesicle-rich plasma as a 
therapy for persistent postoperative inflammation of the temporal 
bone cavity. A  persistent postoperative inflammation of the 
temporal bone cavity is defined as a chronically discharging radical 
mastoid cavity that is oftentimes the result of a canal wall-down 
mastoidectomy. The findings of the trial indicated the remarkable 
efficacy of autologous platelet-  and extracellular vesicle-rich 
plasma in treating persistent postoperative inflammation of the 
temporal bone cavity, thereby suggesting its promising use after 
conventional surgical and conservative therapies have been 
exhausted [39].

4.5. Ossicles

Through tissue engineering, ossicle reconstruction is performed 
by cultivating MSCs on bioresorbable 3D scaffolds. Danti et al. 
developed partial ossicular replacement prosthesis (PORP)-like 
scaffolds with a biocompatible and biodegradable polymer [47]. 
The poral characteristics were analyzed using micro-CT, and 
the capacity to support human MSC (hMSC) colonization and 
osteoblastic development in vitro was analyzed quantitatively 
and qualitatively [48]. The findings demonstrated that the 
poral characteristics of PORP-shaped scaffolds were necessary 
to support the colonization of hMSCs and their osteoblastic 
maturation in vitro.

4.6. Cartilaginous craniofacial components

Autologous cartilage is the gold standard for nasal and 
auricular reconstruction. However, the use of allogenic and 
synthetic materials for the cartilage is known to increase the risk 
of tissue rejection, resorption, extrusion, and infection. In this 
regard, regenerative engineering methods may be preferred as the 
engineered cartilages closely resemble native cartilages and can 
be produced in large amounts. In addition, these cartilages can be 
specifically shaped by harvesting cartilage cells from the auricle 
or septum and growing them in a specific 3D scaffold. Likewise, 
growth factors can facilitate the growth and differentiation of the 
cartilage cells in the scaffold.

In 2004, autologous cultured chondrocytes were utilized 
in human nose reconstruction for the first time [49]. Yanaga 
et  al. extracted the chondrocytes from the conchal cartilage and 
cultivated them in vitro. The chondrocytes were then injected into a 
subcutaneous pocket above the nasal bone. No complications were 
reported after a 2-year follow-up period. In 2009, Yanaga et al. 
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harvested chondrocytes from the auricular cartilage and created a 
gelatinous chondroid matrix, which was then injected into the nasal 
dorsa of 75 patients [50]. The gel hardened to form a neo-cartilage 
within a few weeks, and the cartilages were still functional after 
6 years. Autologous nasal septal chondrocytes were used in human 
exploratory trials in 2014 for nasal alar reconstruction. The cells 
were cultivated on collagen membranes for 4 weeks before being 

used for nose restoration in five patients. The patients did not report 
any complications in the subsequent twelve months and were 
pleased with the aesthetics and functionality of the reconstructed 
nose [51]. In 2018, Zhou et al. designed a specific scaffold based 
on a healthy ear for auricular reconstruction in five patients. The 
scaffold was composed of biodegradable polymers cultivated with 
autologous chondrocytes. The results were satisfactory, and the 

Table 3. Clinical trials of TMP treatment with MSCs, scaffolds, and growth factors
Author Number of patients/study model Treatment Outcome

Raj et al., 2011 [40] 42 patients; two groups: 21 
patients per group

Tympanoplasty type 1 with 
acellular dermis was performed 
in one group, and type 1 
tympanoplasty with temporal 
fascia was performed in the other 
group (control).

There were no significant differences in 
terms of the graft success rate and hearing 
improvement. However, the acellular dermis 
had a shorter operative time and lesser 
postoperative pain.

Kanemaru et al., 2011 [35] 63 patients; two groups: 53 were 
assigned to the bFGF group and 
10 were assigned to the control 
group

Fibrin glue and gelatin sponge 
with bFGF were used in the bFGF 
group.

There were significantly greater rates of TMP 
closure in the bFGF group.

Roosli et al., 2011 [41] 20 patients; two groups: 10 in 
the placebo group and 10 in the 
intervention group

Topical PDGF application on 
TMPs in the intervention group.

There were no significant differences in terms 
of success rate (reduction of perforation size 
by 50% or more) and hearing thresholds 
between the two groups.

Lou et al., 2012 [42] 94 patients; three groups: (1) 
direct FGF application, (2) FGF 
via Gelfoam, and (3) control 
group

Topical FGF, Gelfoam with FGF. The closure rates in the FGF‑treated groups 
were significantly increased as compared to 
the control group, but there was no difference 
in closure rates in patients who received FGF 
directly and those who received FGF through 
Gelfoam.

Lou and Wang, 2015 [33] 93 patients; two groups: 
randomized into control and 
bFGF‑treated groups

Topical bFGF application. There were significantly higher rates of 
closure and shorter closure times in the 
bFGF‑treated group than in the control group.

Lou et al., 2016 [43] 86 patients; three groups:(1) EGF, 
(2) bFGF, and (3) control group

Topical bFGF and EGF 
application.

There was no substantial difference in the 
closure rates and closure times between the 
bFGF, EGF, and control groups.

Lou et al., 2016 [44] 97 patients; two groups: topical 
application of EGF in one group 
and a control group

Topical EGF application. The total closure rates did not significantly 
differ between the two groups. The total 
average closure time in the control group was 
significantly longer than in the EGF group.

Lou and Lou, 2017 [32] 184 patients; four groups: (1) EGF 
treatment, (2) FGF‑2 treatment, 
(3) 0.3% ofloxacin drops 
treatment, and (4) control group

EGF, FGF‑2, and ofloxacin drops 
0.3% were applied in the three 
treatment groups, respectively.

The three treatment groups exhibited 
significantly shorter closure times as 
compared to the control group. Neither 
the closure rate nor closure time differed 
significantly among the three treatment 
groups.

Zheng Cai et al., 2018 [34] 134 patients; two groups: 
randomly divided into a control 
group and an FGF‑2 treatment 
group

FGF‑2 application on TMP in the 
treatment group.

The overall closure rate was significantly 
different between the FGF‑2 treatment group 
and the control group. The FGF treatment 
group had a considerably shorter closure time 
than the control group.

Kanemaru et al., 2021 [45] 20 patients; non‑randomized, 
single‑arm study

A gelatin sponge with bFGF and 
fibrin glue was applied.

At 16 weeks, complete closure of the TMP 
was observed in 15 of 20 patients, and the 
ratio of hearing improvement and air‑bone 
gap was 100%.

Lou et al., 2021 [46] 29 patients; two groups: 13 in the 
bFGF alone group and 16 in the 
myringoplasty group

bFGF application in one group. It was indicated that bFGF alone facilitated 
the repair of chronic and small TMPs but was 
ineffective for medium‑sized TMPs.

Abbreviations: bFGF: basic fibroblast growth factor; EGF: Epidermal growth factor; FGF: Fibroblast growth factor; MSC: Mesenchymal stem cell; PDGF: Platelet‑derived growth factor; TM: 
Tympanic membrane; TMP: Tympanic membrane perforation.
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follow-up lasted for 2.5 years without any incidents of deformation 
being reported [52]. In 2018, a 7-year-old patient with arrhinia 
underwent nasal reconstruction using a 3D-printed nasal stent to 
prevent nasal cavity constriction. In this clinical research, a custom-
made silicone nasal stent was manufactured utilizing 3D printing 
technology. The muco-epithelial tissue successfully regenerated 
within 2  months following the stent placement. External nose 
shape, nasal passage structure, and respiratory functions were in 
good condition after 3 years following the stent removal without 
additional medical intervention [53].

The most prominent use of auricular cartilage was in 1997 when 
polyglycolic acid scaffolds were shaped into the 3D structure of a 
human ear, seeded with bovine chondrocytes, and transplanted into 
the dorsal pockets of mice [54]. Thereafter, research was carried 
out in regenerative medicine with synthetic scaffolds and cultured 
chondrocytes. Yanaga et al. injected a combination of autologous 
serum and autologous chondrocytes from the outer ear cartilage 
into the ear, nose, and chin of 32  patients with craniofacial or 
nasal abnormalities [49]. A  two-stage transplantation procedure 
was performed for auricular and nasal/chin reconstructions, 
respectively [55,56]. In the former, chondrocytes were first 
extracted from the residual auricular cartilage of four children 
with microtia and cultivated respectively into a subcutaneous 
pocket of fascia in the lower abdomen for 4 weeks. Subsequently, 
the children did not report any adverse events during the 2-  to 
5-year follow-ups [55]. Similarly, 18 individuals were treated with 
a comparable nasal/chin reconstructive technique [56].

4.7. Salivary glands

The glands of the upper aerodigestive tract (i.e., parotid, 
sublingual, and submandibular glands) and minor salivary 
glands are known to produce saliva [57]. Hypofunctional can be 
caused by radiation therapy for head and neck cancer, Sjogren’s 
syndrome (SS), and various medications. Possible oral problems 
caused by hyposalivation include mucosal infections, dysphagia, 
and aspiration pneumonia. In animal models, BM-MCSs have 
demonstrated the therapeutic capability to rebuild the salivary 
glands [58,59]. Xu et al. reported a successful restoration of the 
secretory function of salivary glands in animal models and SS 
patients using MSC therapy [58]. Adipose tissue-derived stem 
cells (ASCs) have also been studied in clinical trials on irradiation-
induced hypofunctional salivary glands in patients [60]. The phase 
I/II clinical trial evaluated the efficacy and safety of ASC-based 
cell therapy, whereby the submandibular glands were injected with 
autologous ASCs. In the ACS-treated group, the unstimulated total 
salivary flow rate (assessed after 1 and 4 months) was significantly 
more than the baseline (pre-treatment). In contrast, the placebo 
group reported a decrease in salivary flow rate after 1 month and a 
less prominent increase after 4 months.

5. Applications in Laryngology

5.1. Vocal folds

Lamina propria (LP) is a flexible, collagen-  and elastin-rich 
vibratory connective tissue layer between the epithelium and the 

muscular tissue of the vocal cords. Trauma, surgery, or long-term 
vocal misuse are the main causes of scar formation, leading to loss 
of pliability of the vocal folds. LP scarring causes stiffness and 
reduces viscosity that changes the tissue biomechanics of the vocal 
fold [61]. As a result, the normal mucosa wave during phonation 
is disrupted, thereby affecting the vocals [62,63]. Nonetheless, 
damaged vocal folds can be regenerated through several methods, 
including cell therapy, developing and implementing a scaffold, 
and using growth factors.

5.2. Cell therapy

Fibroblasts and stem cells are extensively studied for vocal 
fold regeneration. Fibroblasts produce a large proportion of the 
extracellular matrix (ECM) in the LP and further support the LP. 
Fibroblasts resemble MSCs because they possess the same cell 
surface markers and differentiation capacity [63]. Chhetri et al. 
were the first to study the use of autologous fibroblasts from the 
buccal mucosa. In this study, fibroblasts were injected into the LP 
of a canine model, subsequently improving the vocal fold mucosal 
waves and acoustic characteristics. In addition, histological 
assessments revealed increased fibroblasts, collagen, and reticulin 
and decreased elastin [64]. Chhetri et al. also conducted a pilot 
study where five individuals with damaged vocal folds were 
injected with autologous fibroblasts from the buccal mucosa [65]. 
Four out of five patients demonstrated subjective and objective 
improvements in the vocal quality and mucosal wave. In another 
study, Ma et al. examined the efficacy of fibroblasts in 15 patients 
with vocal fold scarring or atrophy using postauricular skin-
derived autologous fibroblasts and reported improvements in the 
mucosal wave without any side effects [66].

Likewise, BM-MSCs have demonstrated positive indications 
in animal studies [67,68]. In 2020, a phase I/II human clinical trial 
was conducted with 16  patients to investigate the treatment of 
vocal fold scarring with autologous BM-MSCs [69]. The patients 
were followed up for a year, and two-thirds of the participants 
demonstrated improvements in vocal vibration and flexibility.

There was another phase I/IIA clinical trial that demonstrated 
the efficacy and safety of adipose-derived regenerative cell-
enriched fat grafting to repair glottal gaps following unilateral 
vocal fold paralysis [70].

5.3. Bioactive factors

Hirano et al. studied the use of bFGF in treating atrophic human 
vocal fold. One week after the bFGF injection, the aerodynamic 
and acoustic parameters displayed improvements that lasted for 
3 months [71]. In a recent study by Hirano et al., local injections 
of bFGF were performed in 100 cases of vocal fold disease [72]. 
The findings of the study indicated that intracordal injection of 
bFGF resulted in voice improvements without any significant 
adverse effects. Hirano et al. also reported that bFGF enhanced the 
synthesis of HA in fibroblasts and decreased collagen deposition 
in the vocal folds of aged rats [73]. Subsequently, Hirano et al. 
conducted a clinical trial with 10  patients having aged vocal 
folds with scar tissue and sulcus vocalis [74]. The findings of the 
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trial reported that all patients displayed improvements in speech 
function and acoustic and aerodynamic measurements.

Hepatocyte growth factor (HGF) is another growth factor that 
regulates cell proliferation and differentiation and is commonly 
associated with vocal fold recovery. HGF has an antifibrotic effect 
and can boost HA levels, reduce collagen production, and stimulate 
cell growth and migration [75]. In the event of an injury to the 
vocal folds, HGF can be found in the LP and the epithelium, and 
its angiogenic and antifibrotic properties could facilitate wound 
healing of the vocal folds [76]. In one study, it was reported that 
HGF prevented excessive collagen deposition and restored the 
levels of elastin, collagen, or HA to normal levels relative to an 
uninjured vocal fold [77]. Hirano et al. also conducted a clinical 
trial involving 18 individuals with vocal fold scarring or sulcus, 
and the findings of the trial indicated an improvement in voice 
measurements [78].

5.4. Vocal fold scaffolds

Several types of scaffolds have been developed for 3D LP 
replacement, including biological polymers, decellularized 
organ matrices, synthetic biomimetic hydrogels, and synthetic 
polymers [79]. These scaffolds can be either injected or attached 
during surgery, wherein the scaffolds have biomechanical 
similarities with the LP, transport cells, and other bioactive 
components. Imaizumi et al. successfully employed biodegradable 
gelatin hydrogel microspheres as a delivery vehicle for bFGF in a 
rabbit model with vocal fold damage, and the larynxes reportedly 
displayed better vibratory function and reduced scarring based on 
histological assessments [80]. HA-modified hydrogel scaffolds 
have reportedly promoted fibroblast spreading, proliferation, and 
collagen/glycosaminoglycan production [81]. Likewise, acellular 
biological scaffolds have similar biological composition and 
architecture as native tissues. Therefore, the biological scaffolds 
can facilitate host cell adhesion, motility, and infiltration and 
secrete pro-angiogenic growth factors [82].

5.5. Larynx

The larynx is composed of multiple tissue types, which presents 
as a challenge when restoring its function and structure. Patients 
with an advanced primary tumor have limited treatment options. 
Total or partial laryngectomy (removal of part or all of the larynx) 
remains the primary treatment method for advanced primary 
tumor, but this would lead to speech, breathing, and swallowing 
deficiencies. Nonetheless, bioengineered laryngeal structures 
have been developed and tested in animal and human models.

Animal studies have demonstrated that cartilage-like grafts may 
be effectively employed for partial laryngeal cartilage replacement 
when stem cells are grown in the scaffolds [48,83]. In contrast, 
aortic allografts have been utilized to repair hemilaryngeal 
abnormalities in human studies [84,85]. Brookes et al. conducted 
the first animal study demonstrating that primary skeletal muscle 
progenitor cells and standardized oligomeric collagen may be 
used to generate functioning, 3D tissue-engineered skeletal 
muscle [86].

The human larynx is typically decellularized to effectively 
produce scaffolds. Baigueraet al. evaluated the effectiveness of the 
modified detergent-enzyme method (DEM) as a decellularization 
technique for creating human laryngeal acellular matrices that 
are structurally and mechanically comparable to the original 
larynx [87]. Twenty-five cycles of DEM created a bioengineered 
human laryngeal matrix that was physically and mechanically 
identical to the biological larynx with pro-angiogenic factors. 
Al-Qurayshi et al. evaluated the effect of DEM on the larynx and 
cricoarytenoid joint of human cadavers. In this study, five fresh 
frozen human cadaveric larynxes were effectively decellularized, 
as evidenced by the considerable DNA depletion and ECM 
preservation, to regenerate a non-immunogenic larynx from a 
biological scaffold [88]. However, the use of numerous detergents 
and enzymes in DEM weakened the cricoarytenoid joints. Moser 
et al. recently described the synthesis of laryngeal grafts utilizing 
decellularized canine laryngeal scaffolds that were recellularized 
with primary human cells, and this provided the foundation for 
developing functional laryngeal scaffolds with composite tissue 
grafts [89]. In another study, Huber et al. used a porcine-derived 
ECM to reconstruct the larynx in mature dogs, demonstrating 
the constructive remodeling of a xenogeneic acellular biological 
scaffold material [90]. Thyroid cartilage and thyroarytenoid 
muscle were restored, and histologic investigation revealed 
glandular structures, a complete epithelial lining, cartilaginous 
structures, and skeletal muscle tissue in the reconstructed tissue. 
The microstructure and macrostructure of the recreated tissue were 
nearly the same as the original. Porcine laryngeal scaffolds were 
decellularized and subsequently seeded with human BM-MSCs 
in two recent studies on laryngeal replacement [91,92]. Both of 
the studies featured the decellularization of the whole larynx and 
the production of a safe and biocompatible biological scaffold 
with the ability to stimulate re-epithelialization and submucosal 
development. More importantly, the implanted scaffolds supported 
normal respiratory functions, in addition to proper swallowing 
and vocalization. The aforementioned studies and their promising 
results have established the prospect of successful functional partial 
laryngectomy reconstruction and total laryngeal regeneration.

5.6. Trachea

Patients with congenital malformations or acquired 
tracheal stenosis after trauma or malignancy are candidates for 
reconstruction as other minor defects can be easily managed 
with tracheal resection and end-to-end anastomosis. Airway 
reconstruction requires a combination of scaffolds seeded 
with cells. In particular, two studies involving children utilized 
decellularized deceased donor trachea [2,93,94]. In the first 
study, the decellularized cadaveric donor tracheal scaffolds 
were planted with BM-MSCs and autologous epithelium before 
transplantation in a 12-year-old child suffering from congenital 
stenosis of the trachea. The child was topically applied with 
human recombinant erythropoietin to stimulate angiogenesis 
and transforming growth factor to promote chondrogenesis. At 
the 2-year follow-up, the child had a functioning airway and had 



106	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111

  DOI: https://doi.org/10.36922/jctr.22.00151

returned to school [2]. Subsequently, the 4-year follow-up study 
reportedly validated the long-term viability of a decellularized 
tissue-engineered trachea within the child [93]. In the second 
study, a 15-year-old girl with severe tracheal stenosis was treated 
with a tissue-engineered decellularized tracheal graft seeded with 
stem cells  [94]. A  decellularized tracheal allograft, seeded with 
autologous respiratory epithelial cells and MSCs, was applied. 
Early findings were promising, but a critical incident speculated 
as an intrathoracic hemorrhage, resulted in rapid airway blockage 
and her subsequent death 3 weeks after the transplantation.

In addition, synthetic scaffolds have been utilized for tracheal 
restoration. Omori et al. were the first to use regenerative procedures 
to restore the trachea of a thyroid cancer patient [95]. A polypropylene 
mesh tube coated with a collagen sponge was utilized as a tissue 
scaffold. The process included right hemithyroidectomy, trachea 
resection, and scaffold-assisted tracheoplasty. The right side of the 
three trachea ring segments was removed, and the trachea defect was 
bridged by suturing the scaffold material. In 2008, Omori et al. also 
utilized similar synthetic implants in four patients to successfully 
repair their larynx and/or trachea [96].

In animal studies involving aortic allograft, de novo regeneration 
of cartilage was observed within the graft, as well as renewal of 
ciliated epithelium in the graft lumen [97,98]. This was followed by 
a clinical trial with six patients [99]. It was reported that the tracheal 
replacement with aortic allografts was successful in four of the 
six patients [99]. In a separate study, five patients who underwent 
trachea reconstruction with human cryopreserved (−80°C) aortic 
allografts all had favorable outcomes [100]. A  similar study 
reported that thawing cryopreserved aortic allografts enabled 
viable donor cells to release cytokines and growth factors [101].

Many animal studies have been performed with synthetic 
3D-printed scaffolds to determine the materials with the best 
mechanical properties and also evaluate the effectiveness of graft 
seeding with autologous cells [102-106]. Kim et al. studied the 
transplantation of a 3D-printed tracheal graft mixed with iPSCs 
and chondrocytes in a rabbit model [107]. In the study, a tissue-
engineered artificial trachea was successfully transplanted into 
a rabbit model with a 1.5  cm segmental trachea defect. There 
were no signs of granulation ingrowth in the tracheal lumen, and 
epithelium and neocartilage successfully formed at the defect 
sites. According to the research findings by Choi et al., a coating 
of HA on a hydrophobic tracheal scaffold could improve the 
adherence of MSCs and tracheal regeneration [108]. In contrast, 
Pepper et al. used synthetic tissue-engineered tracheas in an ovine 
model. However, it was reported that the transplanted tracheas 
could not induce optimal epithelialization and neovascularization, 
and the process led to further complications, such as inflammation 
and infection [103]. Hence, future studies should focus on scaffold 
modulation that would accelerate epithelialization and avoid graft 
devascularization that could lead to graft infection and necrosis.

6. Conclusion

Regenerative medicine is rapidly progressing in the field of 
otorhinolaryngology and has reportedly restored hearing, voice, 

and vital functions (e.g., breathing and swallowing) and improved 
the patient’s quality of life. However, the complexity of restoring 
otorhinolaryngological functions requires further research to 
refine the techniques used in regenerative medicine.

Acknowledgments

None.

Funding

Not applicable.

Conflict of Interest

The authors declare no conflicts of interest with regard to the 
content presented in this work.

Ethics Approval and Consent to Participate

Not applicable.

Consent for Publication

Not applicable.

Availability of Data

Not applicable.

References

[1]	 Vats A, Birchall M. Stem Cells and Regenerative Medicine: 
Potentials and Realities for Rhinology. Rhinology 
2010;48:259-64.

	 doi: 10.4193/Rhin10.007
[2]	 Elliott MJ, De Coppi P, Speggiorin S, Roebuck D, 

Butler CR, Samuel E, et al. Stem-Cell-Based, Tissue 
Engineered Tracheal Replacement in a Child: A  2-Year 
Follow-Up Study. Lancet 2012;380:994-1000.

	 doi: 10.1016/S0140-6736(12)60737-5
[3]	 Hu Z, Ulfendahl M. The Potential of Stem Cells for the 

Restoration of Auditory Function in Humans. Regen Med 
2013;8:309-18.

	 doi: 10.2217/rme.13.32
[4]	 Salgado AJ, Reis RL, Sousa NJ, Gimble JM. Adipose 

Tissue Derived Stem Cells Secretome: Soluble Factors and 
Their Roles in Regenerative Medicine. Curr Stem Cell Res 
Ther 2010;5:103-10.

	 doi: 10.2174/157488810791268564
[5]	 McPhail MJ, Janus JR, Lott DG. Advances in Regenerative 

Medicine for Otolaryngology/Head and Neck Surgery. 
BMJ 2020;369:m718.

	 doi: 10.1136/BMJ.M718
[6]	 Tabata Y. Tissue Regeneration Based on Growth Factor 

Release. Tissue Eng 2003;9 Suppl 1:S5-15.
	 doi: 10.1089/10763270360696941
[7]	 Mitchell AC, Briquez PS, Hubbell JA, Cochran JR. 

http://dx.doi.org/10.4193/Rhin10.007
http://dx.doi.org/10.1016/S0140-6736(12)60737-5
http://dx.doi.org/10.2217/rme.13.32
http://dx.doi.org/10.2174/157488810791268564
http://dx.doi.org/10.1136/BMJ.M718
http://dx.doi.org/10.1089/10763270360696941


	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111� 107

  DOI: https://doi.org/10.36922/jctr.22.00151

Engineering Growth Factors for Regenerative Medicine 
Applications. Acta Biomater 2016;30:1-12.

	 doi: 10.1016/j.actbio.2015.11.007
[8]	 Murrell GL. Auricular Cartilage Grafts and Nasal Surgery. 

Laryngoscope 2004;114:2092-102.
	 doi: 10.1097/01.mlg.0000149440.20608.7c
[9]	 Young E, Westerberg B, Yanai A, Gregory-Evans K. The 

Olfactory Mucosa: A  Potential Source of Stem Cells for 
Hearing Regeneration. Regen Med 2018;13:581-93.

	 doi: 10.2217/RME-2018-0009
[10]	 Li H, Chai R, editors. Hearing Loss: Mechanisms, 

Prevention and Cure. Germany: Springer; 2019. p. 1130.
	 doi: 10.1007/978-981-13-6123-4
[11]	 Jang S, Cho HH, Kim SH, Lee KH, Jun JY, Park JS, et al. 

Neural-Induced Human Mesenchymal Stem Cells Promote 
Cochlear Cell Regeneration in Deaf Guinea Pigs. Clin Exp 
Otorhinolaryngol 2015;8:83-91.

	 doi: 10.3342/ceo.2015.8.2.83
[12]	 Lee HS, Kim WJ, Gong JS, Park KH. Clinical Safety 

and Efficacy of Autologous Bone Marrow-Derived 
Mesenchymal Stem Cell Transplantation in Sensorineural 
Hearing Loss Patients. J Audiol Otol 2018;22:105-9.

	 doi: 10.7874/jao.2017.00150
[13]	 Baumgartner LS, Moore E, Shook D, Messina S, Day MC, 

Green J, et al. Safety of Autologous Umbilical Cord Blood 
Therapy for Acquired Sensorineural Hearing Loss in 
Children. J Audiol Otol 2018;22:209-22.

	 doi: 10.7874/jao.2018.00115
[14]	 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.

	 doi: 10.1517/14712598.2013.728583
[15]	 Okano T, Kelley MW. Stem Cell Therapy for the Inner Ear: 

Recent Advances and Future Directions. Trends Amplif 
2012;16:4-18.

	 doi: 10.1177/1084713812440336
[16]	 Gökcan MK, Mülazimoğlu S, Ocak E, Can P, Çalışkan M, 

Beşaltı Ö, et al. Study of mouse induced Pluripotent Stem 
Cell Transplantation intoWistar Albino rat Cochleae after 
Hair Cell Damage. Turk J Med Sci 2016;46:1603-10.

	 doi: 10.3906/sag-1510-136
[17]	 Lee MY, Hackelberg S, Green KL, Kurioka T, Loomis BR, 

Swiderski DL, et al. Survival of Human Embryonic Stem 
Cells Implanted in the Guinea Pig Auditory Epithelium. 
Sci Rep 2017;7:46058.

	 doi: 10.1038/srep46058
[18]	 Gao X, Tao Y, Lamas V, Huang M, Yeh WH, Pan B, et al. 

Treatment of Autosomal Dominant Hearing Loss By in Vivo 
Delivery of Genome editing Agents. Nature 2018;553:217-21.

	 doi: 10.1038/nature25164

[19]	 Huang CY, Tsai YH, Tsai YC, Lu YC, Chan YH, Hsu CJ, 
et al. Establishment of an Induced Pluripotent Stem Cell 
(iPSC) Line from a 7-Year-Old Male Patient with Profound 
Hearing Loss Carrying c.235delC in GJB2 Gene. Stem 
Cell Res 2020;45:101795.

	 doi: 10.1016/j.scr.2020.101795
[20]	 Pandit SR, Sullivan JM, Egger V, Borecki AA, Oleskevich S. 

Functional Effects of Adult Human Olfactory Stem Cells 
on Early-Onset Sensorineural Hearing Loss. Stem Cells 
2011;29:670-7.

	 doi: 10.1002/stem.609
[21]	 Choi BY, Song JJ, Chang SO, Kim SU, Oh SH. Intravenous 

Administration of Human Mesenchymal Stem Cells 
after Noise-or Drug-Induced Hearing loss in Rats. Acta 
Otolaryngol 2012;132 Suppl 1:S94-102.

	 doi: 10.3109/00016489.2012.660731
[22]	 Kasagi H, Kuhara T, Okada H, Sueyoshi N, Kurihara H. 

Mesenchymal Stem Cell Transplantation to the Mouse 
Cochlea as a Treatment for Childhood Sensorineural Hearing 
Loss. Int J Pediatr Otorhinolaryngol 2013;77:936-42.

	 doi: 10.1016/j.ijporl.2013.03.011
[23]	 Bas E, Van De Water TR, Lumbreras V, Rajguru S, Goss G, 

Hare JM, et al. Adult Human Nasal Mesenchymal-Like 
Stem Cells Restore Cochlear Spiral Ganglion Neurons after 
Experimental Lesion. Stem Cells Dev 2014;23:502-14.

	 doi: 10.1089/scd.2013.0274
[24]	 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.

	 doi: 10.1016/j.heares.2015.07.021
[25]	 Xu YP, Shan XD, Liu YY, Pu Y, Wang CY, Tao QL, et al. 

Olfactory Epithelium Neural Stem Cell Implantation 
Restores Noise-Induced Hearing Loss in Rats. Neurosci 
Lett 2016;616:19-25.

	 doi: 10.1016/j.neulet.2016.01.016
[26]	 Le TN, Straatman L, Yanai A, Rahmanian R, Garnis C, 

Häfeli UO, et al. Magnetic Stem Cell Targeting to the Inner 
Ear. J Magn Magn Mater 2017;443:385-96.

	 doi: 10.1016/j.jmmm.2017.07.033
[27]	 Chen J, Hong F, Zhang C, Li L, Wang C, Shi H, et al. 

Differentiation and Transplantation of Human Induced 
Pluripotent Stem Cell-Derived Otic Epithelial Progenitors 
in Mouse Cochlea. Stem Cell Res Ther 2018;9:230.

	 doi: 10.1186/s13287-018-0967-1
[28]	 Bettini S, Franceschini V, Astolfi L, Simoni E, Mazzanti B, 

Martini A, et al. Human Mesenchymal Stromal Cell 
Therapy for Damaged Cochlea Repair in Nod-Scid Mice 
Deafened with Kanamycin. Cytotherapy 2018;20:189-203.

	 doi: 10.1016/j.jcyt.2017.11.003
[29]	 Mittal R, Ocak E, Zhu A, Perdomo MM, Pena SA, Mittal J, 

http://dx.doi.org/10.1016/j.actbio.2015.11.007
http://dx.doi.org/10.1097/01.mlg.0000149440.20608.7c
http://dx.doi.org/10.2217/RME-2018-0009
http://dx.doi.org/10.1007/978-981-13-6123-4
http://dx.doi.org/10.3342/ceo.2015.8.2.83
http://dx.doi.org/10.7874/jao.2017.00150
http://dx.doi.org/10.7874/jao.2018.00115
http://dx.doi.org/10.1517/14712598.2013.728583
http://dx.doi.org/10.1177/1084713812440336
http://dx.doi.org/10.3906/sag-1510-136
http://dx.doi.org/10.1038/srep46058
http://dx.doi.org/10.1038/nature25164
http://dx.doi.org/10.1016/j.scr.2020.101795
http://dx.doi.org/10.1002/stem.609
http://dx.doi.org/10.3109/00016489.2012.660731
http://dx.doi.org/10.1016/j.ijporl.2013.03.011
http://dx.doi.org/10.1089/scd.2013.0274
http://dx.doi.org/10.1016/j.heares.2015.07.021
http://dx.doi.org/10.1016/j.neulet.2016.01.016
http://dx.doi.org/10.1016/j.jmmm.2017.07.033
http://dx.doi.org/10.1186/s13287-018-0967-1
http://dx.doi.org/10.1016/j.jcyt.2017.11.003


108	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111

  DOI: https://doi.org/10.36922/jctr.22.00151

et al. Effect of Bone Marrow-Derived Mesenchymal Stem 
Cells on Cochlear Function in an Experimental Rat Model. 
Anat Rec (Hoboken) 2020;303:487-93.

	 doi: 10.1002/ar.24065
[30]	 Abd El Raouf HH, Galhom RA, Ali MH, Nasr El-Din WA. 

Harderian Gland-Derived Stem Cells as a Cytotherapy in 
a Guinea Pig Model of Carboplatin-Induced Hearing Loss. 
J Chem Neuroanat 2019;98:139-52.

	 doi: 10.1016/j.jchemneu.2019.04.008
[31]	 Radeloff A, Nada N, El Mahallawi T, Kolkaila E, Vollmer M, 

Rak K, et al. Transplantation of Adipose-Derived Stromal 
Cells Protects Functional and Morphological Auditory 
Nerve Integrity in a Model of Cochlear Implantation. 
Neuroreport 2021;32:776-82.

	 doi: 10.1097/wnr.0000000000001651
[32]	 Lou Z, Lou Z. A  Comparative Study to Evaluate the 

Efficacy of EGF, FGF-2, and 0.3% (w/v) Ofloxacin 
Drops on Eardrum Regeneration. Medicine (Baltimore) 
2017;96:e7654.

	 doi: 10.1097/MD.0000000000007654
[33]	 Lou Z, Wang Y. Evaluation of the Optimum Time for 

Direct Application of Fibroblast Growth Factor to Human 
Traumatic Tympanic Membrane Perforations. Growth 
Factors 2015;33:65-70.

	 doi: 10.3109/08977194.2014.980905
[34]	 Zheng-Cai L, Zi-Han L. The Short-and Long-Term Adverse 

Effects of FGF-2 on Tympanic Membrane Perforations. 
Acta Otorhinolaryngol Ital 2018;38:264-72.

	 doi: 10.14639/0392-100X-1480
[35]	 Kanemaru SI, Umeda H, Kitani Y, Nakamura T, Hirano  S, 

Ito J. Regenerative Treatment for Tympanic Membrane 
Perforation. Otol Neurotol 2011;32:1218-23.

	 doi: 10.1097/MAO.0b013e31822e0e53
[36]	 Rahman A, Olivius P, Dirckx J, Von Unge M, Hultcrantz M. 

Stem Cells and Enhanced Healing of Chronic Tympanic 
Membrane Perforation. Acta Otolaryngol 2008;128:352-9.

	 doi: 10.1080/00016480701762508
[37]	 Goncalves S, Bas E, Goldstein BJ, Angeli S. Effects of 

cell-based therapy for Treating Tympanic Membrane 
Perforations in Mice. Otolaryngol Head Neck Surg 
2016;154:1106-14.

	 doi: 10.1177/0194599816636845
[38]	 Goncalves S, Bas E, Langston M, Grobman A, Goldstein BJ, 

Angeli S. Histologic Changes of Mesenchymal Stem 
Cell Repair of Tympanic Membrane Perforation. Acta 
Otolaryngol 2017;137:411-6.

	 doi: 10.1080/00016489.2016.1261411
[39]	 Vozel D, Božič D, Jeran M, Jan Z, Pajnič M, Pađen L, 

et  al. Autologous Platelet-and Extracellular Vesicle-Rich 
Plasma Is an Effective Treatment Modality for Chronic 
Postoperative Temporal Bone Cavity Inflammation: 

Randomized Controlled Clinical Trial. Front Bioeng 
Biotechnol 2021;9:677541.

	 doi: 10.3389/FBIOE.2021.677541
[40]	 Raj A, Sayal A, Rathore PK, Meher R. Sutureless 

Tympanoplasty Using Acellular Dermis. Am J Otolaryngol 
2011;32:96-9.

	 doi: 10.1016/j.amjoto.2009.10.007
[41]	 Röösli C, Von Büren T, Gassmann NB, Huber AM. The 

Impact of Platelet-Derived Growth Factor on Closure of 
Chronic Tympanic Membrane Perforations: A Randomized, 
Double-Blind, Placebo-Controlled Study. Otol Neurotol 
2011;32:1224-9.

	 doi: 10.1097/MAO.0b013e31822e96bc
[42]	 Lou Z. Healing Large Traumatic Eardrum Perforations in 

Humans Using Fibroblast Growth Factor Applied Directly 
or Via Gelfoam. Otol Neurotol 2012;33:1553-7.

	 doi: 10.1097/JES.0b013e31826f5640
[43]	 Zhengcai-Lou, Zihan-Lou, Yongmei-Tang. Comparative 

Study on the Effects of EGF and bFGF on the Healing 
of Human Large Traumatic Perforations of the Tympanic 
Membrane. Laryngoscope 2016;126:E23-8.

	 doi: 10.1002/lary.25715
[44]	 Lou ZC, Yang J, Tang Y, Fu YH. Topical Application of 

Epidermal Growth Factor with No Scaffold Material on 
the Healing of Human Traumatic Tympanic Membrane 
Perforations. Clin Otolaryngol 2016;41:744-9.

	 doi: 10.1111/coa.12627
[45]	 Kanemaru SI, Kanai R, Omori K, Yamamoto N, Okano T, 

Kishimoto I, et al. Multicenter Phase III Trial of 
Regenerative Treatment for Chronic Tympanic Membrane 
Perforation. Auris Nasus Larynx 2021;48:1054-60.

	 doi: 10.1016/j.anl.2021.02.007
[46]	 Lou Z, Lou Z, Jin K, Sun J, Chen Z. Topical Application 

of bFGF Alone for the Regeneration of Chronic Tympanic 
Membrane Perforations: A Preliminary Case Series. Stem 
Cells Int 2021;2021:5583046.

	 doi: 10.1155/2021/5583046
[47]	 Danti S, D’Alessandro D, Pietrabissa A, Petrini M, Berrettini S. 

Development of Tissue-Engineered Substitutes of the Ear 
Ossicles: PORP-Shaped Poly(Propylene Fumarate)-Based 
Scaffolds Cultured with Human Mesenchymal Stromal 
Cells. J Biomed Mater Res Part A 2010;92:1343-56.

	 doi: 10.1002/jbm.a.32447
[48]	 Lott DG, Janus JR. Tissue Engineering for 

Otorhinolaryngology-Head and Neck Surgery. Mayo Clin 
Proc 2014;89:1722-33.

	 doi: 10.1016/J.MAYOCP.2014.09.007
[49]	 Yanaga H, Yanaga K, Imai K, Koga M, Soejima C, 

Ohmori K. Clinical Application of Cultured Autologous 
Human Auricular Chondrocytes with Autologous Serum 
for Craniofacial or Nasal Augmentation and Repair. Plast 

http://dx.doi.org/10.1002/ar.24065
http://dx.doi.org/10.1016/j.jchemneu.2019.04.008
http://dx.doi.org/10.1097/wnr.0000000000001651
http://dx.doi.org/10.1097/MD.0000000000007654
http://dx.doi.org/10.3109/08977194.2014.980905
http://dx.doi.org/10.14639/0392-100X-1480
http://dx.doi.org/10.1097/MAO.0b013e31822e0e53
http://dx.doi.org/10.1080/00016480701762508
http://dx.doi.org/10.1177/0194599816636845
http://dx.doi.org/10.1080/00016489.2016.1261411
http://dx.doi.org/10.3389/FBIOE.2021.677541
http://dx.doi.org/10.1016/j.amjoto.2009.10.007
http://dx.doi.org/10.1097/MAO.0b013e31822e96bc
http://dx.doi.org/10.1097/JES.0b013e31826f5640
http://dx.doi.org/10.1002/lary.25715
http://dx.doi.org/10.1111/coa.12627
http://dx.doi.org/10.1016/j.anl.2021.02.007
http://dx.doi.org/10.1155/2021/5583046
http://dx.doi.org/10.1002/jbm.a.32447
http://dx.doi.org/10.1016/J.MAYOCP.2014.09.007


	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111� 109

  DOI: https://doi.org/10.36922/jctr.22.00151

Reconstr Surg 2006;117:2019-30, discussion 2031-2.
	 doi: 10.1097/01.prs.0000210662.12267.de
[50]	 Yanaga H, Imai K, Yanaga K. Generative Surgery of 

Cultured Autologous Auricular Chondrocytes for Nasal 
Augmentation. Aesthetic Plast Surg 2009;33:795-802.

	 doi: 10.1007/s00266-009-9399-8
[51]	 Fulco I, Miot S, Haug MD, Barbero A, Wixmerten A, 

Feliciano  S, et al. Engineered Autologous Cartilage 
Tissue for Nasal Reconstruction after Tumour Resection: 
An Observational First-in-Human Trial. Lancet 
2014;384:337-46.

	 doi: 10.1016/S0140-6736(14)60544-4
[52]	 Zhou G, Jiang H, Yin Z, Liu Y, Zhang Q, Zhang C, et al. 

In Vitro Regeneration of Patient-specific Ear-Shaped 
Cartilage and Its First Clinical Application for Auricular 
Reconstruction. EBioMedicine 2018;28:287-302.

	 doi: 10.1016/j.ebiom.2018.01.011
[53]	 Jung JW, Ha DH, Kim BY, Seo BF, Han HH, Kim DH, 

et al. Nasal Reconstruction Using a Customized Three-
Dimensional-Printed Stent for Congenital Arhinia: Three-
Year Follow-up. Laryngoscope 2019;129:582-5.

	 doi: 10.1002/LARY.27335
[54]	 Cao Y, Vacanti JP, Paige KT, Upton J, Vacanti CA. 

Transplantation of Chondrocytes Utilizing a Polymer-Cell 
Construct to Produce Tissue-Engineered Cartilage in the 
Shape of A Human Ear. Plast Reconstr Surg 1997;100:297-
304, discussion 303-4.

	 doi: 10.1097/00006534-199708000-00001
[55]	 Yanaga H, Imai K, Fujimoto T, Yanaga K. Generating Ears 

from Cultured Autologous Auricular Chondrocytes by 
Using Two-Stage Implantation in Treatment of Microtia. 
Plast Reconstr Surg 2009;124:817-25.

	 doi: 10.1097/PRS.0b013e3181b17c0e
[56]	 Yanaga H, Imai K, Tanaka Y, Yanaga K. Two-Stage 

Transplantation of cell-Engineered Autologous Auricular 
Chondrocytes to Regenerate Chondrofat Composite 
Tissue: Clinical Application in Regenerative Surgery. Plast 
Reconstr Surg 2013;132:1467-77.

	 doi: 10.1097/01.prs.0000434408.32594.52
[57]	 Emmerson E, Knox SM. Salivary Gland Stem Cells: 

A  Review of Development, Regeneration and Cancer. 
Genesis 2018;56:e23211.

	 doi: 10.1002/dvg.23211
[58]	 Lombaert I, Movahednia MM, Adine C, Ferreira JN. 

Concise Review: Salivary Gland Regeneration: Therapeutic 
Approaches from Stem Cells to Tissue Organoids. Stem 
Cells 2017;35:97-105.

	 doi: 10.1002/stem.2455
[59]	 Sumita Y, Liu Y, Khalili S, Maria OM, Xia D, Key S, 

et al. Bone Marrow-Derived Cells Rescue Salivary Gland 
Function in Mice with Head and Neck Irradiation. Int J 

Biochem Cell Biol 2011;43:80-7.
	 doi: 10.1016/j.biocel.2010.09.023
[60]	 Grønhøj C, Jensen DH, Glovinski PV, Jensen SB, 

Bardow A, Oliveri RS, et al. First-in-Man Mesenchymal 
Stem Cells for Radiation-Induced Xerostomia (MESRIX): 
Study Protocol for a Randomized Controlled Trial. Trials 
2017;18:108.

	 doi: 10.1186/s13063-017-1856-0
[61]	 Hirano S. Current Treatment of Vocal Fold Scarring. Curr 

Opin Otolaryngol Head Neck Surg 2005;13:143-47.
	 doi: 10.1097/01.moo.0000162261.49739.b7
[62]	 Hirano S, Minamiguchi S, Yamashita M, Ohno T, 

Kanemaru SI, Kitamura M. Histologic Characterization of 
Human Scarred Vocal Folds. J Voice 2009;23:399-407.

	 doi: 10.1016/j.jvoice.2007.12.002
[63]	 Hansen JK, Thibeault SL. Current Understanding and 

Review of the Literature: Vocal Fold Scarring. J  Voice 
2006;20:110-20.

	 doi: 10.1016/j.jvoice.2004.12.005
[64]	 Chhetri DK, Head C, Revazova E, Hart S, Bhuta S, 

Berke  GS. Lamina Propria Replacement Therapy with 
Cultured Autologous Fibroblasts for Vocal Fold Scars. 
Otolaryngol Head Neck Surg 2004;131:864-70.

	 doi: 10.1016/j.otohns.2004.07.010
[65]	 Chhetri DK, Berke GS. Injection of Cultured Autologous 

Fibroblasts for Human Vocal Fold Scars. Laryngoscope 
2011;121:785-92.

	 doi: 10.1002/lary.21417
[66]	 Ma Y, Long J, Amin MR, Branski RC, Damrose EJ, 

Sung CK, et al. Autologous Fibroblasts for Vocal Scars 
and Age-Related Atrophy: A  Randomized Clinical Trial. 
Laryngoscope 2020;130:2650-8.

	 doi: 10.1002/lary.28453
[67]	 Kanemaru SI, Kojima H, Hirano S, Omori K, Kojima H, 

Magrufov A, et al. Regeneration of the Vocal Fold Using 
Autologous Mesenchymal Stem Cells. Ann Otol Rhinol 
Laryngol 2003;112:915-20.

	 doi: 10.1177/000348940311201101
[68]	 Hertegård S, Cedervall J, Svensson B, Forsberg K, 

Maurer  FH, Vidovska D, et al. Viscoelastic and Histologic 
Properties in Scarred Rabbit Vocal Folds after Mesenchymal 
Stem Cell Injection. Laryngoscope 2006;116:1248-54.

	 doi: 10.1097/01.mlg.0000224548.68499.35
[69]	 Hertegård S, Nagubothu SR, Malmström E, Leblanc K. 

Treatment of Vocal Fold Scarring with Autologous Bone 
Marrow-Derived Human Mesenchymal Stromal Cells-
First Phase I/II Human Clinical Study. Stem Cell Res Ther 
2020;11:128.

	 doi: 10.1186/s13287-020-01632-8
[70]	 Lasso JM, Poletti D, Scola B, Gómez-Vilda P, García-

Martín AI, Fernández-Santos ME. Injection Laryngoplasty 

http://dx.doi.org/10.1097/01.prs.0000210662.12267.de
http://dx.doi.org/10.1007/s00266-009-9399-8
http://dx.doi.org/10.1016/S0140-6736(14)60544-4
http://dx.doi.org/10.1016/j.ebiom.2018.01.011
http://dx.doi.org/10.1002/LARY.27335
http://dx.doi.org/10.1097/00006534-199708000-00001
http://dx.doi.org/10.1097/PRS.0b013e3181b17c0e
http://dx.doi.org/10.1097/01.prs.0000434408.32594.52
http://dx.doi.org/10.1002/dvg.23211
http://dx.doi.org/10.1002/stem.2455
http://dx.doi.org/10.1016/j.biocel.2010.09.023
http://dx.doi.org/10.1186/s13063-017-1856-0
http://dx.doi.org/10.1097/01.moo.0000162261.49739.b7
http://dx.doi.org/10.1016/j.jvoice.2007.12.002
http://dx.doi.org/10.1016/j.jvoice.2004.12.005
http://dx.doi.org/10.1016/j.otohns.2004.07.010
http://dx.doi.org/10.1002/lary.21417
http://dx.doi.org/10.1002/lary.28453
http://dx.doi.org/10.1177/000348940311201101
http://dx.doi.org/10.1097/01.mlg.0000224548.68499.35
http://dx.doi.org/10.1186/s13287-020-01632-8


110	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111

  DOI: https://doi.org/10.36922/jctr.22.00151

Using Autologous Fat Enriched with Adipose-Derived 
Regenerative Stem Cells: A Safe Therapeutic Option for the 
Functional Reconstruction of the Glottal Gap after Unilateral 
Vocal Fold Paralysis. Stem Cells Int 2018;2018:8917913.

	 doi: 10.1155/2018/8917913
[71]	 Hirano S, Kishimoto Y, Suehiro A, Kanemaru SI, Ito J. 

Regeneration of Aged Vocal Fold: First Human Case 
Treated with Fibroblast Growth Factor. Laryngoscope 
2009;119:197-202.

	 doi: 10.1002/lary.20004
[72]	 Hirano S, Sugiyama Y, Kaneko M, Mukudai S, Fuse S, 

Hashimoto K. Intracordal Injection of Basic Fibroblast 
Growth Factor in 100 Cases of Vocal Fold Atrophy and 
Scar. Laryngoscope 2020;131:2059-64.

	 doi: 10.1002/lary.29200
[73]	 Hirano S, Tateya T, Nagai H, Ford CN, Tateya I, Bless DM. 

Regeneration of Aged Vocal Folds with Basic Fibroblast 
Growth Factor in a Rat Model: A Preliminary Report. Ann 
Otol Rhinol Laryngol 2005;114:304-8.

	 doi: 10.1177/000348940511400409
[74]	 Hirano S, Tateya I, Kishimoto Y, Kanemaru SI, Ito J. 

Clinical Trial of Regeneration of Aged Vocal Folds with 
Growth Factor Therapy. Laryngoscope 2012;122:327-31.

	 doi: 10.1002/lary.22393
[75]	 Kumai Y, Kobler JB, Herrera VL, Zeitels SM. Perspectives 

on Adipose-Derived Stem/Stromal Cells as Potential 
Treatment for Scarred Vocal Folds: Opportunity and 
Challenges. Curr Stem Cell Res Ther 2010;5:175-81.

	 doi: 10.2174/157488810791268591
[76]	 Hirano S, Thibeault S, Bless DM, Ford CN, Kanemaru SI. 

Hepatocyte Growth Factor and Its Receptor c-Met in 
Rat and Rabbit Vocal Folds. Ann Otol Rhinol Laryngol 
2002;111:661-6.

	 doi: 10.1177/000348940211100801
[77]	 Hirano S, Bless DM, Nagai H, Rousseau B, Welham NV, 

Montequin DW, et al. Growth Factor Therapy for Vocal 
Fold Scarring in a Canine Model. Ann Otol Rhinol 
Laryngol 2004;113:777-85.

	 doi: 10.1177/000348940411301002
[78]	 Hirano S, Kawamoto A, Tateya I, Mizuta M, Kishimoto Y, 

Hiwatashi N, et al. A phase I/II exploratory clinical trial 
for intracordal injection of recombinant hepatocyte growth 
factor for vocal fold scar and sulcus. J Tissue Eng Regen 
Med 2018;12:1031-8.

	 doi: 10.1002/term.2603
[79]	 Long JL. Tissue Engineering for Treatment of Vocal Fold 

Scar. Curr Opin Otolaryngol Head Neck Surg 2010;18:521-5.
	 doi: 10.1097/MOO.0b013e32833febf2
[80]	 Imaizumi M, Nakamura R, Nakaegawa Y, Dirja BT, 

Tada  Y, Tani A, et al. Regenerative Potential of Basic 
Fibroblast Growth Factor Contained in Biodegradable 

Gelatin Hydrogel Microspheres Applied Following Vocal 
Fold Injury: Early Effect on Tissue Repair in a Rabbit 
Model. Braz J Otorhinolaryngol 2021;87:274-82.

	 doi: 10.1016/j.bjorl.2019.09.003
[81]	 Kutty JK, Webb K. Mechanomimetic Hydrogels for Vocal 

Fold Lamina Propria Regeneration. J Biomater Sci Polym 
Ed 2009;20:737-56.

	 doi: 10.1163/156856209X426763
[82]	 Jotz GP, Da Luz Soster PR, Kunrath SO, Steffens D, 

Braghirolli DI, Zettler CG, et al. Mesenchymal Stem 
Cells and Nanofibers as Scaffolds for the Regeneration of 
Thyroid Cartilage. Laryngoscope 2014;124:E455-60.

	 doi: 10.1002/lary.24805
[83]	 Zhang H, Voytik-Harbin S, Brookes S, Zhang L, Wallace J, 

Parker N, et al. Use of Autologous Adipose-Derived 
Mesenchymal Stem Cells for Creation of Laryngeal 
Cartilage. Laryngoscope 2018;128:E123-9.

	 doi: 10.1002/lary.26980
[84]	 Cain RB, Gnagi SH, Jaroszewski DE, Lott DG. Adult 

Laryngeal Rhabdomyoma with Extralaryngeal Extension: 
Surgical Excision and Reconstruction with Aortic 
Homograft. Otolaryngol Head Neck Surg 2014;150:501-2.

	 doi: 10.1177/0194599813516748
[85]	 Zeitels SM, Wain JC, Barbu AM, Bryson PC, Burns JA. 

Aortic Homograft Reconstruction of Partial Laryngectomy 
Defects: A  New Technique. Ann Otol Rhinol Laryngol 
2012;121:301-6.

	 doi: 10.1177/000348941212100504
[86]	 Brookes S, Voytik-Harbin S, Zhang H, Halum S. Three-

Dimensional Tissue-Engineered Skeletal Muscle for 
Laryngeal Reconstruction. Laryngoscope 2018;128:603-9.

	 doi: 10.1002/lary.26771
[87]	 Baiguera S, Gonfiotti A, Jaus M, Comin CE, Paglierani M, 

Del Gaudio C, et al. Development of Bioengineered 
Human Larynx. Biomaterials 2011;32:4433-42.

	 doi: 10.1016/J.BIOMATERIALS.2011.02.055
[88]	 Al-Qurayshi Z, Wafa EI, Hoffman H, Chang K, Salem AK. 

Tissue-Engineering the Larynx: Effect of Decellularization on 
Human Laryngeal Framework and the Cricoarytenoid Joint. 
J Biomed Mater Res B Appl Biomater 2021;109:2030-40.

	 doi: 10.1002/JBM.B.34851
[89]	 Moser PT, Gerli M, Diercks GR, Evangelista-Leite D, 

Charest JM, Gershlak JR, et al. Creation of Laryngeal 
Grafts from Primary Human Cells and Decellularized 
Laryngeal Scaffolds. Tissue Eng Part A 2020;26:543-55.

	 doi: 10.1089/TEN.TEA.2019.0128
[90]	 Huber JE, Spievack A, Simmons-Byrd A, Ringel RL, 

Badylak S. Extracellular Matrix as a Scaffold for 
Laryngeal Reconstruction. Ann Otol Rhinol Laryngol 
2003;112:428-33.

	 doi: 10.1177/000348940311200508

http://dx.doi.org/10.1155/2018/8917913
http://dx.doi.org/10.1002/lary.20004
http://dx.doi.org/10.1002/lary.29200
http://dx.doi.org/10.1177/000348940511400409
http://dx.doi.org/10.1002/lary.22393
http://dx.doi.org/10.2174/157488810791268591
http://dx.doi.org/10.1177/000348940211100801
http://dx.doi.org/10.1177/000348940411301002
http://dx.doi.org/10.1002/term.2603
http://dx.doi.org/10.1097/MOO.0b013e32833febf2
http://dx.doi.org/10.1016/j.bjorl.2019.09.003
http://dx.doi.org/10.1163/156856209X426763
http://dx.doi.org/10.1002/lary.24805
http://dx.doi.org/10.1002/lary.26980
http://dx.doi.org/10.1177/0194599813516748
http://dx.doi.org/10.1177/000348941212100504
http://dx.doi.org/10.1002/lary.26771
http://dx.doi.org/10.1016/J.BIOMATERIALS.2011.02.055
http://dx.doi.org/10.1002/JBM.B.34851
http://dx.doi.org/10.1089/TEN.TEA.2019.0128
http://dx.doi.org/10.1177/000348940311200508


	 Dinaki et al. | Journal of Clinical and Translational Research 2024; 10(2): 99-111� 111

  DOI: https://doi.org/10.36922/jctr.22.00151

[91]	 Ansari T, Lange P, Southgate A, Greco K, Carvalho C, 
Partington L, et al. Stem Cell-Based Tissue-Engineered 
Laryngeal Replacement. Stem Cells Transl Med 2017;6:677-87.

	 doi: 10.5966/sctm.2016-0130
[92]	 Herrmann P, Ansari T, Southgate A, Varanou Jenkins A, 

Partington L, Carvalho C, et al. In Vivo Implantation of 
a Tissue Engineered Stem Cell Seeded Hemi-Laryngeal 
Replacement Maintains Airway, Phonation, and Swallowing 
in Pigs. J Tissue Eng Regen Med 2019;13:1943-54.

	 doi: 10.1002/term.2596
[93]	 Hamilton NJ, Kanani M, Roebuck DJ, Hewitt RJ, Cetto R, 

Culme-Seymour EJ, et al. Tissue-Engineered Tracheal 
Replacement in a Child: A 4-Year Follow-Up Study. Am J 
Transplant 2015;15:2750-7.

	 doi: 10.1111/ajt.13318
[94]	 Elliott MJ, Butler CR, Varanou-Jenkins A, Partington  L, 

Carvalho C, Samuel E, et al. Tracheal Replacement Therapy 
with a Stem Cell-Seeded Graft: Lessons from Compassionate 
Use Application of a GMP-Compliant Tissue-Engineered 
Medicine. Stem Cells Transl Med 2017;6:1458-64.

	 doi: 10.1002/sctm.16-0443
[95]	 Omori K, Nakamura T, Kanemaru S, Asato R, Yamashita M, 

Tanaka S, et al. Regenerative Medicine of the Trachea: 
The First Human Case. Ann Otol Rhinol Laryngol 
2005;114:429-33.

	 doi: 10.1177/000348940511400603
[96]	 Omori K, Tada Y, Suzuki T, Nomoto Y, Matsuzuka  T, 

Kobayashi K, et al. Clinical Application of in Situ 
Tissue Engineering Using a Scaffolding Technique for 
Reconstruction of the Larynx and Trachea. Ann Otol 
Rhinol Laryngol 2008;117:673-8.

	 doi: 10.1177/000348940811700908
[97]	 Martinod E, Seguin A, Pfeuty K, Fornes P, Kambouchner M, 

Azorin JF, et al. Long-Term Evaluation of the Replacement 
of the Trachea with an Autologous Aortic Graft. Ann 
Thorac Surg 2003;75:1572-8.

	 doi: 10.1016/S0003-4975(03)00120-6
[98]	 Martinod E, Seguin A, Holder-Espinasse M, Kambouchner M, 

Duterque-Coquillaud M, Azorin JF, et  al. Tracheal 
regeneration following tracheal replacement with an allogenic 
aorta. Ann Thorac Surg 2005;79:942-8, discussion 949.

	 doi: 10.1016/j.athoracsur.2004.08.035
[99]	 Wurtz A, Porte H, Conti M, Dusson C, Desbordes J, 

Copin  MC, et al. Surgical Technique and Results of 
Tracheal and Carinal Replacement with Aortic Allografts 
for Salivary Gland-Type Carcinoma. J Thorac Cardiovasc 
Surg 2010;140:387-93.e2.

	 doi: 10.1016/j.jtcvs.2010.01.043
[100]	 Martinod E, Chouahnia K, Radu DM, Joudiou P, Uzunhan Y, 

Bensidhoum M, et al. Feasibility of Bioengineered 
Tracheal and Bronchial Reconstruction Using Stented 
Aortic Matrices. JAMA 2018;319:2212-22.

	 doi: 10.1001/jama.2018.4653
[101]	 Martinod E, Paquet J, Dutau H, Radu DM, Bensidhoum M, 

Abad S, et al. In Vivo Tissue Engineering of Human 
Airways. Ann Thorac Surg 2017;103:1631-40.

	 doi: 10.1016/j.athoracsur.2016.11.027
[102]	 Kim H, Lee JY, Han H, Cho WW, Han H, Choi A, et al. 

Improved Chondrogenic Performance with Protective 
Tracheal Design of Chitosan Membrane Surrounding 
3D-Printed Trachea. Sci Rep 2021;11:9258.

	 doi: 10.1038/s41598-021-88830-3
[103]	 Pepper V, Best CA, Buckley K, Schwartz C, Onwuka E, 

King N, et al. Factors Influencing Poor Outcomes in 
Synthetic Tissue-Engineered Tracheal Replacement. 
Otolaryngol Head Neck Surg 2019;161:458-67.

	 doi: 10.1177/0194599819844754
[104]	 Yu YS, Ahn CB, Son KH, Lee JW. Motility Improvement 

of Biomimetic Trachea Scaffold Via Hybrid 3d-Bioprinting 
Technology. Polymers (Basel) 2021;13:971.

	 doi: 10.3390/polym13060971
[105]	 Dharmadhikari S, Liu L, Shontz K, Wiet M, White A, 

Goins A, et al. Deconstructing Tissue Engineered Trachea: 
Assessing the Role of Synthetic Scaffolds, Segmental 
Replacement and Cell Seeding on Graft Performance. Acta 
Biomater 2020;102:181-91.

	 doi: 10.1016/j.actbio.2019.11.008
[106]	 She Y, Fan Z, Wang L, Li YG, Peng J, Wei CL, et al. 

3D Printed Biomimetic PCL Scaffold as Framework 
Interspersed With Collagen for Long Segment Tracheal 
Replacement. Front Cell Dev Biol 2021;9:629796.

	 doi: 10.3389/fcell.2021.629796
[107]	 Kim IG, Park SA, Lee SH, Choi JK, Cho H, Lee SJ, et al. 

Transplantation of a 3D-Printed Tracheal Graft Combined 
with iPS Cell-Derived MSCs and Chondrocytes. Sci Rep 
2020;10:4326.

	 doi: 10.1038/s41598-020-61405-4
[108]	 Choi JS, Lee MS, Kim J, Eom MR, Jeong EJ, Lee M, 

et al. Hyaluronic Acid Coating on Hydrophobic Tracheal 
Scaffold Enhances Mesenchymal Stem Cell Adhesion 
and Tracheal Regeneration. Tissue Eng Regen Med 
2021;18:225-33.

	 doi: 10.1007/s13770-021-00335-2

Publisher’s note

AccScience Publishing remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

http://dx.doi.org/10.5966/sctm.2016-0130
http://dx.doi.org/10.1002/term.2596
http://dx.doi.org/10.1111/ajt.13318
http://dx.doi.org/10.1002/sctm.16-0443
http://dx.doi.org/10.1177/000348940511400603
http://dx.doi.org/10.1177/000348940811700908
http://dx.doi.org/10.1016/S0003-4975(03)00120-6
http://dx.doi.org/10.1016/j.athoracsur.2004.08.035
http://dx.doi.org/10.1016/j.jtcvs.2010.01.043
http://dx.doi.org/10.1001/jama.2018.4653
http://dx.doi.org/10.1016/j.athoracsur.2016.11.027
http://dx.doi.org/10.1038/s41598-021-88830-3
http://dx.doi.org/10.1177/0194599819844754
http://dx.doi.org/10.3390/polym13060971
http://dx.doi.org/10.1016/j.actbio.2019.11.008
http://dx.doi.org/10.3389/fcell.2021.629796
http://dx.doi.org/10.1038/s41598-020-61405-4

