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Despite the high success rate of autologous grafts in tympanic membrane repair, clinical alternatives are required
for the closure of unresponsive chronic perforations that can lead to recurring infection and hearing loss. Tissue
engineering and regenerative medicine approaches have emerged as another strategy to repair the eardrum, in
addition to negating the need for donor tissue harvest and related surgical iatrogenicities. This review highlights
the main approaches using biomaterials, growth factors, and cell therapies towards the healing of complex TM

perforations. In addition, we discuss the challenges and advances for the development of reliable animal models,
which will allow the optimisation and development of novel techniques. Finally, we indicate technologies that
are currently used clinically and others that are closer to the market. The advances here discussed on tissue
engineering and regenerative medicine strategies applied to the field of TM perforations will allow otologists,
surgeons, and researchers to better bring novel technologies to the bedside as well as to develop new ones.

1. Tympanic membrane perforations
1.1. The anatomical and physiological structure of the tympanic membrane

The tympanic membrane (TM), commonly known as the eardrum, is
a semi-transparent membrane composed of three layers, a keratinized
squamous epithelial outer layer, fibrous middle layer, and mucosal in-
ner layer [1] (Fig. 1). It separates the middle ear from the outer ear, is
oval, with a vertical diameter of 9-10 mm and a horizontal diameter
of 8-9 mm [2,3]. The main function of the TM is sound perception and
protection of the middle ear [2]. Clinically, the TM can be divided into
four parts, with each quadrant separated, by an imaginary line straight
down the malleus handle and across the umbo. Additionally, the TM
is composed of two portions, the pars flaccida and pars tensa. The pars
flaccida occupies the most superior and smaller part of the TM, and is
more vascularized than the pars tensa. Its flaccid feature is due to a less
prominent fibrous layer, lacking the densely arranged collagen fibers
present in the pars tensa. On the other hand, the pars tensa occupies the
most inferior an greater part of the TM, as a thin and tense membrane

[4] (Fig. 1). Perforations to the TM can be troublesome and still are
subject to new technologies and procedures development. The objec-
tive of this review is, therefore, to highlight the main approaches using
biomaterials, growth factors and cell therapies towards healing of com-
plex TM perforations, including the ones already evaluated clinically as
the ones closer to market commercialisation. Prior to analyzing this ap-
proaches, we will discuss TM perforations clinically and current surgical
interventions. We will also discuss the challenges and advances for the
development of reliable animal models of TM perforations.

1.2. Clinical aspects involving tympanic membrane perforations

TM perforations are a common problem most frequently caused by
middle ear infections, ventilation tube insertion, trauma, and an in-
crease of pressure on the TM [2,5]. The exact size of TM perforations is
rarely known, as ENT surgeons tend to guess the size of the perforations
with one quadrant perforation equal to 25% [6]. TM perforations are
categorized as either acute or chronic and dry or wet [2]. The closure
rate depends on the perforation type, with almost all acute, wet perfo-
rations closing spontaneously (77-94%) within a few weeks [7]. The re-
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Fig. 1. Tympanic membrane anatomy, histology, perforation, and regeneration: (A) the tympanic membrane can be divided into four parts, posterior superior (PS),
anterior superior (AS), posterior inferior (PI), and anterior inferior). The line that divides its anterior and posterior parts passes through the malleus (M) and the
umbo (U). (B) Histologically it is divided into three layers: a squamous epithelium, a fibrous layer, and a mucosal layer. (C) As a thin membrane (74-100 um), TM
perforations easily rupture the three layers. (D) TM repair differs from classical wound healing as keratinocytes from the squamous epithelia migrate and bridge the

perforation first, followed by the fibrous and the mucosal layers.

generation of the TM follows a process different from that of skin wound
repair in that squamous epithelia migrates towards and covers the per-
foration closing the defect [8,9] (Fig. 1). This process is then followed
by the reforming of the fibrous layer, followed by ingrowth of the mu-
cosal layer [8,9]. TM perforations that do not close spontaneously and
are present for more than three months are considered chronic [2]. The
size of the perforation, which affects the ability of the epithelial cells
to span the defect, is one main reason for the development of a chronic
TM perforation [9]. As a result, an epithelialised rim is formed around
the edge of the perforation, affecting the healing process by preventing
the migration of cells across the defect and insufficient supply of growth
factors to aid in the repair process [9].

1.3. Surgical interventions to repair tympanic membrane perforations

Treatment for chronic TM perforations are limited to a surgical pro-
cedure known as tympanoplasty and without this surgical intervention,
chronic TM perforations can cause hearing loss and reoccurring infec-
tions [2]. An autologous graft such as fascia or cartilage is harvested
from behind the ear and is placed over or under the TM perforation, by
using the transcanal (through the ear canal) or postauricular (incision
made behind the ear) approach [10]. Typical graft materials used in
tympanoplasty to close TM perforations include temporalis fascia from
behind the ear, perichondrium found on either side of the cartilage in

the ear, cartilage from the outer ear, and fat from the earlobe [4]. Al-
though the use of graft material to close chronic TM perforations have
a high success rate of approximately 80%, the surgery requires the use
of general or local anesthesia, harvesting of graft material, can result
in surgical complications, such as hearing loss, cholesteatoma and tym-
panosclerosis, can be very expensive and is the only surgery available for
the repair of chronic TM perforations [2,4]. Therefore, there is a need to
develop cost-effective and non-surgical alternatives. Tissue engineering
has become a new approach to repairing TM perforations using bioma-
terial scaffolds composed of various materials alone or in combination
with growth factors and cells, however, an optimal alternative is yet
to be developed [2]. With the increase in the development of biomate-
rial scaffolds, there is a greater need for an appropriate model in which
to accurately assess the new biomaterials and their potential success in
humans.

2. Biomaterial-based strategies to repair tympanic membrane
perforations

The International Union of Pure and Applied Chemistry (IUPAC) de-
fines a biomaterial as a “material exploited in contact with living tissues,
organisms or microorganisms” [11]. Several natural and synthetic bio-
materials have been investigated for the healing of TM perforation. Also,
the designing process and techniques to fabricate these biomaterials can
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Table 1

Current commercially available biomaterials for TM perforations.
Product Material Description Manufacturer
EpiFilm Hyaluronic acid 2.5 x 2.5 cm lamina Medtronic (Ireland)
EpiDisk Hyaluronic acid Pre-cut, 8 mm spherical discs of EpiFilm® Material =~ Medtronic (Ireland)
MeroGel Hyaluronic acid Packing material Medtronic (Ireland)
BioDesign Otologic  collagen matrix derived from porcine small intestinal submucosa  Implantable scaffold Cook Medical (Indiana, USA)
MegaDerm Dermal allograft Implantable scaffold L&C Bio (South Korea)
AlloDerm Dermal allograft Implantable scaffold Allergan (Ireland)
Tutopatch Bovine pericardium xenograft Implantable scaffold Rti Surgical (Illinois, USA)
GelFoam Gelatin Packing material Pfizer (New York, USA)
GelitaSpon Gelatin Packing material Gelita Medical (Germany)

greatly vary, for instance from the more traditional electrospinning and
lyophilisation techniques to more recent 3D printing approaches. The
main biomaterials currently commercialized are summarized in Table 1.

2.1. Hyaluronic acid

Hyaluronic acid (HyA) is a glycosaminoglycan found throughout the
body. HyA plays a role in tissue healing by attracting water molecules
to the area, altering its viscoelastic properties enhancing tissue heal-
ing, and scaffold organization [12]. It has been shown that hyaluronic
acid forms a thin film with keratin that allows migration of epithelial
cells towards closure of the perforation and allows proper repair of the
fibrous layer of the TM, regulating collagen deposition and avoiding
fibrosis [13]. Pre-clinical trials and clinical trials have not only demon-
strated safety with the use of HyA for TM perforations but also an accel-
eration of closure, with thinner scar tissue. Particularly for TM repair,
hyaluronic acid is currently commercialised in disk forms by Medtronic
as EpiDisc® and EpiFilm® or in injectable packing material form as
MeroGel® [13] (all from Medtronic, Ireland).

A review carried out by Daou and Bassim on the use of HyA in otol-
ogy highlighted the lack of HyA research for the repair of the TM, with
only fourteen studies published since 1987 and the two most recent pa-
pers in 2013 and 2018 [12]. In 2013, Sayin et al. published a com-
parative study of spontaneous TM perforation healing against healing
with EpiFilm® [14]. No significant difference was observed between
the treated and control group with 85.65% of the control group clos-
ing with a mean of 10.6 + 5.23 weeks, the treated group had a closure
rate of 94.8% and a mean closure time of 6.61 + 4.59 weeks. A study
from 2018 using HyA for TM repair [15] assessed fifty patients with dry
chronic TM perforations of 1-3mm who received a topical application
of 1% sodium hyaluronate, four times a week for a month. Each patient
was followed up weekly for the first four weeks, then three months after
the last application of 1% sodium hyaluronate. Of the fifty TM perfora-
tions, twenty-six closed, eighteen were reduced in size and six remained
persistent resulting in an 88% closure rate. It is important to highlight
though that this trial did not present a control group to compare the
application of HyA with. In a rat traumatic acute TM perforation model,
Yilmaz et al. results corroborated HyA (EpiFilm®) capacity to induce
healing with lesser fibrosis [16].

Of note, HyA can also be used as an additive to other materials
or techniques. For instance, Kadah et al. compared temporalis fascia
myringoplasty alone or in combination with HyA in a prospective non-
randomized controlled trial, although no statistical differences between
the groups were observed [17]. On the other hand, HyA used in combi-
nation with fat graft has shown encouraging results. For instance, Gun
et al. compared HyA fat graft myringoplasty, fat graft myringoplasty,
and temporal fascia techniques. Although the authors did not find sta-
tistical differences between the three groups’ successes in healing TM
perforations, they advised the use of HyA fat graft for large perforations
and fat graft alone for small perforations, due to technical challenges on
using temporalis fascia [18]. Of note, for large perforations, the use of
fat graft alone does not result in a flat TM, which can be obtained when
HyA is added [19].

To conclude, HyA has been highlighted as a potentially cost-effective
alternative for TM perforation repair, which encourages further research
in the field [14]. For instance, future studies should focus on the direct
comparison of HyA against commonly used autografts. Moreover, the
combination of HyA with other materials and techniques opens a great
avenue for its application, with a promising perspective.

2.2. Collagen

Another extracellular matrix component with successful use in TM
perforation repair is collagen. Of note, collagen is a major constituent
of the tympanic membrane, particularly collagen types I, II, and III
[20]. Acellular extracellular matrix grafts or tissue-derived allografts, in
which collagen is the main component, have been widely used clinically
for different applications [21]. Cass et al. reviewed the use of processed
human pericardium collagen allografts (Tutoplast® by Rti Surgical, Illi-
nois, USA) with autologous tissue, alone or combinations (collagen allo-
graft alone, fascia, perichondrium, cartilage, cartilage+perichondrium,
cartilage+collagen allograft) in tympanoplasty. With an analysis of 255
patients, there were no statistically significant differences in the failure
rate between collagen allografts and the analysed autologous tissues.
Nevertheless, even not significantly, the chances of success of cartilage
and perichondrium were 7.5 times higher than of collagen allografts
[22]. Particularly, acellular dermis allograft is commonly used in the
field. In 2018, Lee et al. compared the commercially available Mega-
Derm® (L&C Bio, South Korea) dermis allograft with autologous tra-
gal perichondrium in a prospective randomised controlled study with
sixty patients. Both were similarly successful, with regards to signifi-
cantly lower mean operation time in the dermal allograft group [23].
Another acellular dermis allograft, AlloDerm®, was as beneficial as fas-
cia grafts in chinchilla models, with an added advantage of saving graft
procedures [24]. When AlloDerm® (Allergan, Ireland) was compared
to fascia and fascia+ cartilage grafts in a clinical trial, again there were
no clinical differences between groups despite saving operative time in
AlloDerm® group [25]. On the other hand, another clinical trial evi-
denced statistically significant shortened healing time with AlloDerm®
compared to temporalis fascia [26].

Collagen xenografts have also been exploited. Still, in the late 70s,
Abbenhaus reported a five-year follow-up with the successful use of re-
constituted bovine collagen for tympanic membrane grafting [27]. Most
recently, Declau et al. compared a commercially available bovine mem-
brane xenograft extracted from the pericardium (Tutopatch® by Rti Sur-
gical) with collagen allografts in seventy-one patients submitted to tym-
panoplasty. There were no significant differences between the two mate-
rials closure rates (81.6% for xenografts and 78.8% for allografts) [28].
Another collagen-based material used for various otologic procedures is
the BioDesign® Otologic Repair Graft (Cook Medical, Indiana, USA). It
is derived from porcine small intestinal submucosa (SIS) and has been
proposed to achieve closure rates clinically comparable to temporalis
fascia [29,30], therefore eliminating donor-site morbidity and saving
an average of ten minutes of surgical procedure [31].

Some approaches associate collagen with other components aiming
at increased success. For instance, Zhang et al. proposed a collagen mem-
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brane integrated with collagen-binding basic fibroblast growth factor. In
vitro, the controlled release of the growth factor accelerated fibroblasts
proliferation, and in vivo, in a rat traumatic TM perforation model, the
membrane accelerated healing, promoting early stages of healing rate
(~7 days) [32]. In 2016, Choi et al. reported the results of twenty-nine
patients with traumatic TM perforations treated with a commercially
available collagen-bound fibrinogen sealant (Tachocomb® by Takeda,
Japan). The used sealant completely closed the perforations in all pa-
tients, although a comparison with a control group was not performed
[33].

Allografts and xenografts remain as the main materials in which col-
lagen, as an extracellular matrix constituent, is used for the repair of
TM perforations. Nevertheless, for several other regenerative medicine
applications, collagen has been used as a biomaterial not only derived
from a decellularized matrix but also having been extracted, purified,
and polymerized into a new scaffold [21]. Future TM perforation studies
should focus on this last, so that collagen biomaterials can be specifically
designed for such application, also allowing controlled incorporation of
other materials and chemical cues which could further enhance its re-
generative potential.

2.3. Gelatin

Gelatin, which is obtained from collagen hydrolysis [34], has tradi-
tionally been used in tympanoplasty. Gelatin film protects against fibro-
sis [35], and is harmless to the lining mucosa of the middle ear [36],
being superior to other types of films such as silastic [37]. In a tech-
nique named GelFilm tympanoplasty, fascia grafts are surrounded by
two sheets of gelatin films, as a sandwich, which gives support to the
graft [38]. Besides its use as films, gelatin is also traditionally used as a
sponge, a haemostatic packing material implanted in the middle ear to
give support to a graft in the healing TM perforation [39]. Several com-
mercially available products address this purpose, such as Gelfoam®
(Pfizer, New York, USA), GelitaSpon® (Gelita Medical, Germany) [40],
and Marbagelan® (Sanofi-Aventis, France) [41]. In small perforations,
the fat plug technique can be used, in which adipose tissue is harvested
from the lobule of the outer ear or the subcutaneous tissues behind the
ear and plugged into the perforation without the need of an additional
graft, such as fascia [42]. Gelfoam® plug achieved comparable results
to fat graft tympanoplasty in a prospective study of 17 patients with
perforations ranging from 2 to 4 mm, with the advantage of a simpler
and faster procedure [43].

More recent strategies focused on incorporating growth factors into
gelatin sponges. Saeedi et al. evidenced that enriching gelatin sponges
with platelet-rich plasma increased the complete healing rate of TM
perforation compared to conventional gelatin sponges [44]. Another
promising approach by Kanemaru et al. developed a gelatin scaffold
with basic fibroblast growth factor (bFGF), which induced complete
closure of chronic TM perforations in 98.1% (52/53) of the patients,
compared to 10% (1/10) of the patients in the control group without
the growth factor [45]. Similarly, in 2015 [46] a human clinical trial on
chronic TM perforations in children under the age of 16 was carried out.
Their study followed the protocol described by Kanemaru et al. [45]. Ini-
tially, they used fibrin glue to fix the gelatin sponge in the TM; however,
the first two patients experienced liquefaction of the fibrin glue result-
ing in the rapid onset of otorrhoea. Therefore, a drop of cyanoacrylate
was used, or a drop of blood on the top of the sponge in lieu of fib-
rin glue. 83% of TM perforation closure was achieved, with only 58%
achieved by the first attempt with the fibrin glue. The range of closure
time was between two weeks and three months post-treatment. Each
of these studies concluded that bFGF delivered to the TM perforation
on a gelatin sponge is cost-effective, suitable for children as young as
six years old, a considerably shorter procedure of just seven minutes,
and the use of less sophisticated instruments. The gelatin sponge can
be cut to any size and therefore be used for any size perforation; it is
also gradually reabsorbed within three months. One of the limitations
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of this approach is the need for a sealant. The sealant is required to
hold the sponge in place, insulate it from the outside, prevent cells from
drying out and reduce the risk of infection [45]. In 2018, the gelatin
with bFGF strategy was tested in forty-five patients, of which twenty-
five cholesteatomas, three had tumors, and seventeen had severe TM
calcification. Complete closure of the TM perforation was achieved in
91% of the patients [47]. Each study also describes the need to repeat
the surgery more than once for several patients, implying that the first
attempt is not always successful and the patient may have to return to
the consultant a couple of times before the gelatin sponge stays in place
and the TM perforation closes. Lou et al. recently reviewed the use of
bFGF in TM closure and pointed out three studies in which the pres-
ence of bFGF in gelatin sponges improved the success rate of chronic
TM perforation treatment (83-98.1% with bFGF to 10% without bFGF)
[48].

The potential of gelatin to be 3D printed has inspired an approach by
Kuo et al. who tested 3D printed TM grafts made of gelatin methacrylate
(GelMA) in a chinchilla model. Importantly, the graft shape was based
on endoscopic images of the perforation, and using a 3D printed gelatin
support that was later washed away, it was possible to place the scaffolds
in the lesion site without the need of glues, suture, or any other sup-
port material. 100% of treated tympanic membrane perforations healed
when the scaffold was embedded with epidermal growth factor (EGF),
75% with the grafts without EGF, while only 25% with no graft [49].
Indeed, 3D printing or additive manufacturing (AM) is often proposed
to represent the next frontier in the field of tissue engineering and re-
generative medicine as they allow the manufacture of scaffolds with
anatomically inspired and complex morphologies [50]. Finally, through
the electrospinning technique, Li et al. used gelatin to develop nanofi-
brous membranes with tensile strength and water-resistance considered
suitable for use as TM patches. The patches supported the growth of
human umbilical vein endothelial cells and fibroblasts in vitro [51].

Despite the traditional use of gelatin as films and sponges, the advent
of more advanced techniques for biomaterials fabrication, such as the
here mentioned 3D printing, has enabled researchers to further explore
the use of gelatin for TM perforations. Rather alone, in combination with
other biomaterials or with growth factors, gelatin is being rediscovered
in the field, with great promise.

2.4. Silk and cellulose

Silk fibroin-based materials also show potential towards tissue engi-
neering applications due to their biocompatibility and suitable mechan-
ical properties [52]. Silk fibroin scaffolds have shown the capacity to
support the growth of human tympanic membrane keratinocytes in vitro,
as well as structural and mechanical properties, such as transparency,
stability, and tensile strength, that promoted them as good candidates
for use in otology [53,54]. In 2013, Shen et al. compared silk fibroin
scaffolds with acellular collagen scaffolds, paper patches, and untreated
TM perforations in guinea pigs. Both silk fibroin and acellular collagen
scaffolds induced healing at earlier stages, with histological character-
istics of repair tissue that closely resembled a native TM [55]. The same
group later implanted the silk fibroin and acellular collagen scaffolds
in rat’s subcutaneous tissue and middle ear, comparing with paper and
Gelfoam®. The scaffolds induced a milder inflammatory response com-
pared to paper. Moreover, Gelfoam® was more associated with fibrosis
and osteoneogenesis after implantation in the middle ear compared to
the silk fibroin and acellular collagen scaffolds [56]. Lee et al. used silk
fibroin in a polycaprolactone/silk-fibroin nanofibrous composite com-
bined with human umbilical cord serum, which presented increased bio-
compatibility and enhanced healing potential in a guinea pig TM perfo-
ration model [57]. In 2016, a clinical prospective cohort study (40 pa-
tients) compared perichondrium myringoplasty with silk fibroin patch
and evidenced a similar success rate between the groups while the use
of silk fibroin was considered an easier and faster procedure [58]. Al-
though the use of silk for TM perforations is still novel, the few studies
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in the literature presented promising results. With the support of more
pre-clinical and larger clinical trials, silk scaffolds have great potential
to become commercially available and come part of the routine clinical
use for TM perforations.

Cellulose is another highly versatile natural biomaterial [59]. It can
be obtained from plants and bacteria, being designed into biomaterials
scaffolds through different techniques, including 3D printing [60]. Kim
et al. produced bacterial cellulose nanofibrillar patches for TM repair.
The thin and transparent patches were able to support the growth of rat
TM cells as well as increase the healing of rat TM perforations in vivo
compared to spontaneous healing controls [61]. In 2016, Silveira et al.
conducted a clinical trial with forty patients comparing bacterial cel-
lulose with autologous fascia in TM perforations secondary to chronic
otitis media. Although the closure of perforations was similar between
the groups, the use of the cellulose graft significantly reduced the pro-
cedure time (5.44 times faster with cellulose) and its costs (12.96 times
cheaper with cellulose) [62]. Indeed, the use of cellulose for TM perfora-
tions is still in its infancy and should attract the attention of researchers
and clinicians due to its high potential.

2.5. Synthetic biomaterials and composites

In a pioneering study using electrospinning and additive manufactur-
ing, Mota et al. developed TM scaffolds inspired by the anatomy of the
human tympanic membrane and its collagen fibre arrangement. FDA-
approved copolymers were used, and human mesenchymal stromal cells
were able to attach, migrate and proliferate on the scaffolds [63]. Kozin
et al. 3D printed TM scaffolds with polydimethylsiloxane (PDMS), flex-
polylactic acid (PLA) and polycaprolactone (PCL) infilled with a fibrin-
collagen composite hydrogel. In vitro, acoustic and mechanical tests ev-
idenced the novel scaffold acoustic properties similar to human TM and
mechanical properties superior to human temporalis fascia [64].

Seonwoo et al. developed a nanofibrous patch made of PCL capa-
ble of sustainably release epidermal growth factor (EGF). Moreover, it
was possible to align the patch fibres to facilitate cellular migration.
In vitro and in vivo studies evidenced the success of the novel patches
in promoting TM healing. Particularly, in a rat chronic TM perforation
model, the regeneration rates of the patches were significantly superior
to untreated controls, with a greater superiority of aligned over random
fibres [65].

Finally, other synthetic polymers, besides the already mentioned PLA
and PCL, have been investigated as material sources to manufacture
scaffolds for tympanic membrane repair. For instance, Danti et al. de-
veloped PEOT/PBT copolymer ultrafine scaffolds (220 + 56 um thick-
ness), capable to support the growth of human MSCs and human tym-
panic membrane keratinocytes in vitro [66]. Immich et al. produced
through electrospinning meshes of poly (L-lactic acid) and poly (lactic-
co-glycolic acid) (PLLA/PLGA). The scaffolds supported a co-culture of
human keratinocytes and fibroblasts, with differentiation and stratifica-
tion of the keratinocytes in an epithelial-like tissue. Co-cultured grafts
were implanted in rat TM perforations, which healed faster and with
better macroscopic and histologic characteristics compared to untreated
perforations [67].

To summarize, synthetic biomaterials have been extensively investi-
gated in the field of tissue engineering and regenerative medicine mainly
due to their highly controllable development and manufacturing fea-
tures. It is not surprising that they would find applicability in the repair
of TM perforations. Probably, a commercially available synthetic graft
for TM perforation is not far to become a reality. Focusing on FDA-
approved materials can accelerate this process.

3. Strategies focusing on growth factors/biomolecules
The repair of TM perforations is stimulated by growth factors [2].

The two common growth factors studied for TM regeneration are ep-
ithelial growth factor (EGF) and basic fibroblast growth factor (bFGF)
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[1]. Most recent studies involving topical applications of regenerative
biomolecules for the repair of TM perforations are reviewed in Table 2
below.

3.1. Epithelial growth factor (EGF)

EGF is a polypeptide, made up of 54 amino acids, it is found in nu-
merous biological tissues and fluids and is known for having a role in
wound repair by increasing the growth of epithelial and fibroblast cells
[75]. EGF expression is parallel to the reparative process as it stimulates
the synthesis of DNA, RNA, and proteins. EGF receptors with high affin-
ity are found in the epithelial layer of the TM. In 1995 Ramsay et al.
[75] carried out a human clinical trial on chronic TM perforations re-
pair using rice paper patch and sponge soaked in EGF. The results of the
study concluded that EGF did not support the regeneration of the TM
with only one TM perforation in the placebo group closing. However,
today EGF is one of the most researched growth factors for the closure
of TM perforations. Recently, two studies [68,69] carried out a similar
human clinical trial on chronic and subacute TM perforations. EGF was
topically applied to the ear canal, followed by self-administration of EGF
drops to the TM by the patients daily. Lou et al. found 61.1% of non-
treated perforations healed spontaneously with a mean closure time of
20.6 + 10.7 days. Whereas, 96.2% of the EGF treated group, achieved
complete closure, with a mean closure time of 9.1 + 3.9 days. Similarly,
the study carried out by Lou 2019 saw a 100% closure rate of the 24
TM perforations with a mean closure time of 6.1 + 2.3 days. However,
no control group was included in this study to determine the rate of clo-
sure. These studies highlight the potential of topically applied EGF for
the repair of TM perforations. The self-administration of the EGF drops
by the patients themselves could reduce the waiting time, surgery time,
and cost currently associated with TM perforation repair.

3.2. Fibroblast growth factor 2 (FGF-2 or bFGF)

FGF-2 (also known as bFGF) is a polypeptide that stimulates the pro-
liferation of epidermal and connective tissue cells [71]. Clinical studies
using topical FGF to close TM perforations have shown promising re-
sults, however, there are potential side effects and health and safety
concerns with the use of FGF. Some studies have found that FGF is
not ototoxic [45,76], whereas others have found it to cause hyperpla-
sia of the ear canal, myringitis, and long-term cholesteatoma [71,77].
In 2018 [71] a human clinical trial was carried out to determine the
short and long-term effects of topically applied FGF-2 to treat TM perfo-
rations. The total closure rate for the FGF-2 group of 95.5% was found
to be significantly different from the control group of 73.4%. The FGF-2
group also had a significantly shorter closure time of 11.9 + 3.1 days
vs 52.6 + 18.1 days for the control group. There were some short-term
side effects in both the control and treated group, with 32% of patients
in the treated group developing liquid residue in the ear canal due to
misuse of FGF-2 drops, resulting in purulent otorrhoea in 20% of pa-
tients. It is worth noting that purulent otorrhoea was also documented
in seven patients in the control group. Three patients that experienced
purulent otorrhoea developed secondary otitis media effusion as a long-
term side effect, resulting in reperforation of the TM. In 2016 [7], a
human clinical trial based on the novel therapy using gelatin sponge
with bFGF (also known as FGF-2) and fibrin glue developed by Kane-
maru et al. was carried out. 88.9% of patients achieved closure of the
TMP, with a median closing time of 57 days. However, six of the nine
patients required more than one repeat surgery, causing some patients
twelve weeks to see complete closure of the TM perforation. There was
no control used in this study, the results were compared to a study the
group carried out in 2011 [45].

In 2017 Lou et al. [72] carried out a comparative study to evaluate
the efficacy of EGF and FGF to repair TMP. In this study EGF or FGF
was topically applied to the ear canal followed by self-administration of
EGF or FGF drops daily. The study revealed that the closure rates did
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Table 2
Recent studies involving regenerative biomolecules for the repair of TMP.
Biomolecule Results Model TM perforation Refs.
EGF 100% closure rate range 3-12 days Human Chronic [68]
EGF 96.2% closure rate range 3-14 days Human Subacute [69]
Fat graft soaked in PRP Increase in adipocyte area, decrease in granulation tissue area in comparison to fat graft alone  Rat Acute [70]
FGF-2 98.1% closure for non-pathological TMP, 10.1 + 4.6 days Human Not specified [71]
86.7% closure rate for pathological TMP, 19.1 + 7.3 days
1% HyA topical application 52% closure Human Acute and chronic, 1-3 mm [15]
36% TMP size reduction.
Time of closure not specified
EGF and FGF-2 EGF - 91.11% closure rate 9-16.5 days Human Acute dry [72]
FGF-2 - 93.18% closure rate 7-15 days
Human Insulin Accelerated healing, 100% closure 5-7days. Rats Acute [73]
bFGF 58% closure rate first attempt 83% closure rate overall Human Chronic [46]
Plasminogen 100% closure rate with higher concentration Mice Acute and Chronic [74]

60% closure rate with lower concentration

Table legend: EGF- Epithelial growth factor, PRP- Platelet rich plasma, FGF-2- Fibroblasts growth factor-2, bFGF- Basic fibroblast growth factor, HyA — Hyaluronic

acid

not differ significantly between either group. 93.18% of TM perfora-
tions treated with FGF closed within 18 + 8.04 days. Whereas, 91.11%
of those treated with EGF closed within 17.36 + 5.46 days. The work car-
ried out by Lou et al. over the last few years, suggests that EGF topically
applied is a prime candidate for an alternative non-surgical and cost-
effective way to repair TM perforations. Further research is required
on the use of topical FGF as an alternative method for TM perforation
repair, due to the side effects associated with FGF and its misuse when
self-administered by patients. The need to return for repeat surgery only
increases the wait time and cost for both the patient and the consultant.

3.3. Other biomolecules

In recent times the use of biomolecules for TM repair has expanded
beyond EGF and bFGF to include different biomolecules such as plas-
minogen, insulin, and platelet-rich plasma. Plasminogen is a zymogen
produced in the liver and activated in the blood by plasminogen acti-
vators or urokinase-type PA to support tissue remodeling and wound
healing [74]. Shen et al. carried out an animal study with plasminogen
deficient mice, with chronic TM perforations treated with local plas-
minogen injections of varying concentrations into the ear canal. After
nine days complete closure of the TM perforations was seen in 100% of
mice that received a plasminogen injection of either 0.2 or 0.4 mg, and
60% that received a plasminogen injection of 0.1 mg/day. The chronic
model used in this study may not have been appropriate, with the per-
forations left untreated for only nine days. Therefore, these perforations
may have been acute, and the healing rate potentially affected by the
natural spontaneous healing associated with acute perforations. Local
injection of plasminogen has the potential to be an alternative method
for TM perforation repair; however, it requires daily treatment that pa-
tients are not capable of performing themselves, and therefore, may not
advance to clinical trials.

In recent years, the use of topical insulin has been researched for the
application of wound healing. Insulin is known to be involved in the
synthesis of lipids, glycogen, and amino acids and plays a role in ker-
atinocyte migration [73]. In a recent study carried out on twenty rats,
Araujo et al. [73] applied fifteen units of Regular Novolin R® human
insulin (Novo Nordisk, Denmark) topically to eleven perforated TM. In-
sulin was found to have reduced the size of the TM perforations between
day three and five and by day seven all eleven perforations were com-
pletely closed, whereas 20% of the nine TM perforations in the control
group remained perforated. Treatment began on the day the perforation
was created, therefore, it is difficult to directly compare these results for
the repair of chronic TM perforations. As the TM does not repair in the
same sequence as wound healing, further research on the healing effect
of topical insulin, specifically for TM perforations is required, before in-

sulin can become a potential candidate as an alternative approach to
TM perforation repair.

Platelet-rich plasma (PRP) is plasma derived from blood with a high
concentration of platelets. Within the platelets are alpha granules that
contain various growth factors associated with the repair process [70].
The growth factors are released from the alpha granules in response to
calcium and PRP, resulting in an increase of growth factors in the area,
beginning the repair process [78]. Due to the role of PRP in the healing
process, it has been researched as an alternative biomolecule to assist
in the repair of TM perforations [70]. In 2018, a study used PRP on
fat grafts to repair TM perforations in rats [70]. Fat grafts can be used
to repair small central TM perforations, however, a graft size twice as
large as the perforation is required as the fat is reabsorbed, resulting
in dissatisfaction of graft survival [70]. Many studies have shown the
positive effect of applying growth factors such as PRP to the fat graft
to prevent reabsorption and adding to the success of the graft for TM
perforation repair [70]. The 2018 study found that PRP decreased fat
graft reabsorption with the control group of just a fat graph reducing
to 63.11% + 29.86, whereas the fat graph soaked in PRP was not reab-
sorbed as much with 90.81% + 12.96 remaining. However, there was
no significant difference, with a P-value of 0.009 [70]. The ability of the
fat graft soaked in PRP to close TM perforations were not discussed by
the author of the study. The main purpose of PRP in this study was to
prevent the fast absorption of the fat graph before the TM perforation
had begun to heal. Considering the ability of PRP to close TM perfora-
tions was not discussed in this study, it would suggest that PRP was not
used for its known wound healing properties, and therefore, cannot be
considered as an alternative topical biomolecule in the same way as EGF
or FGF.

4. Strategies focusing on cell therapies

Due to their role in the healing process, either by releasing a range
of trophic factors, cytokines, matrix proteins, or by differentiating into
local tissue when stimulated [79], stem cells have also been researched
in the field of TM repair. There have been a handful of studies carried out
using stem cells to repair TM perforations, by either topical application
or delivery on a biomaterial scaffold. These studies are listed in Table 3.

In 2003 [80] a study used gerbils to access the ability of embryonic
mice stem cells (ESCs) to enhance the repair of acute TM perforations.
The ESCs were applied topically to the TM perforation in a sodium chlo-
ride solution. All of the TM perforations in the test group healed within
five days, with 60% in the control group remaining open. However, af-
ter healing the TM underwent a pressure point test, in which 60% of the
healed TM ruptured under pressure [80]. This study did not analyse the
integration of the stem cells into the TM, which would illustrate the cell
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Table 3
Strategies focusing on cell therapies.
Reference  Successrate  Stem cell application Animal
[80] 100% Topical application in sodium chloride solution  Gerbil
[81] 100% Topically applied on gelatin platform Sprague-Dawley rats
[82] 88.75% MSC embedded Gelita-Spon and EpiDisc C57BL/6 mice
[83] 71% Bio-printed scaffold Sprague-Dawley rats

type these stem cells would develop into, or if their action was solely
paracrine, i.e., by secretion of growth factors and cytokines.

A similar study was carried out in 2007 [81] where a droplet of
gelatin was applied to the TM perforation of Sprague-Dawley rats to
produce a platform for the ESCs applied in solution to migrate and pro-
liferate on. A second test group only received the topical application of
the ESCs in solution with no gelatin platform. No significant difference
in TM closure rates was found between the treated or control groups.
The potential use of ESCs still depends on cell purity, amplification, and
immunogenicity [81]. The study concluded that there was no differ-
ence between the ESCs treated ears and the non-treated in terms of TM
stiffness and pressure tolerance. However, there was a morphological
difference in that those treated with ESCs had a thicker TM at the site
of the perforation due to disarrangement of the lamina propria.

In 2016, Goncalves et al. [82] investigated the effectiveness of
scaffold-embedded MSCs as a topical treatment for healing TM per-
forations. Bone marrow-derived MSCs were cultured on Gelita-Spon®
(Gelita Medical) and EpiDisc® (Medtronic) scaffolds, before applying
to TM perforations in mice. After seven days, 100% of the TM perfora-
tions in the control group (n = 9) remained open. Partial and complete
closure of TM perforations after seven days was observed for both Gelita-
Spon and EpiDisc embedded with MSCs. EpiDisc with embedded MSCs
was found to have a closure rate of 88.75% and Gelita-Spon a closure
rate of 80% compared to 71.69% for the control group.

In 2017, Jang et al. [83] took a similar approach to repair TM perfo-
rations with stem cells, by delivering the stem cells to the ear canal in a
bio-printed scaffold, composed of polycaprolactone/collagen/alginate-
MSC. Subacute TM perforations were created in Sprague-Dawley rats.
After four weeks, the edge of the perforation was freshened and the bio-
printed scaffold was placed over the perforation and held in place by
fibrin glue. 28.5% of the control group and 71% of the test group healed
within two weeks, after three weeks, the entire test group had healed.
The regeneration at two and three weeks was significant between the
control and test group.

Each of these studies heighlighted the potential use of stem cells for
the repair of TM perforations, and the lack of research carried out in this
area. They also highlight the potential of undifferentiated stem cells to
generate tumor cells in the host with further research in this area re-
quired. Each of these studies used acute TM perforations and therefore,
the benefits of using stem cells to repair chronic TM perforations remains
unknown.

5. Future perspectives
5.1. Novel strategies closer to the market

As discussed in this review, current tissue engineering and regen-
erative medicine strategies to repair TM perforations focus on growth
factors, cells, or biomaterials. Regardless of the strategy, the main gaps
and needs for the closure of TM perforations reside in the use of off-the-
shelf technologies that avoid the harvesting of autologous grafts (carti-
lage, perichondrium, fascia, etc.), simplifying and reducing the time of
surgical procedures, while inducing the closure of the perforations.

Indeed, several biomaterials are already a reality in the clinical prac-
tice for TM perforations (Table 1). On the other hand, Table 4 presents
some of the most promising biomaterials although not yet commer-
cialised for TM perforations. They are based on silk (ClearDrum by Ear

Science Research, Australia), gelatin with bFGF (Kaken Pharmaceuti-
cals, Japan and NobelPharma, Japan), and a light-curable gel (Perf-fix
by Tympanogen, Virginia, USA). TymCure (from Israel) does not specify
the material by which its implantable scaffold is made of. Nevertheless,
the implantation of such scaffold is supposed to be performed using a
minimally invasive delivery device.

In regards to growth factors, the only current FDA-approved growth
factor for clinical use is the platelet-derived growth factor-BB (PDGF-
BB or becaplermin), commercialized as Regranex®, which is indicated
for the treatment of lower extremity diabetic neuropathic ulcers [84].
Although EGF and bFGF trials are promising for TM perforations, they
would still need to be approved for clinical use. On the other hand,
PRP has been widely used clinically for a variety of applications, which
eases the route to the market from a regulatory perspective. The FDA
already clears the off-label use of PRP, as PRP is not a drug. Manufactur-
ers developing medical devices and kits to obtain PRP usually follow the
Premarket Notification (PMN) also known as the 510(k) route [85]. Cur-
rently, there are already several commercially available kits to obtain
PRP from peripheral blood [86].

Finally, in regards to cell therapies, there are currently seventeen
FDA-approved cellular and gene therapy products in the market. Eight
of those correspond to umbilical cord blood stem cell therapies approved
for haematological disorders. Three products use adult cells designed for
soft tissue repair: MACI® for cartilage repair, LAVIV (Azficel-T)® for
improvement of the appearance of moderate to severe nasolabial fold
wrinkles in adults, and GINTUIT® for wounds of the oral soft tissue. Due
to the large, and sometimes uncontrolled, increase of stem cell clinics
in the USA [87], the FDA has been warning patients, while clarifying
the risks and benefits of stem cell therapy [88]. Therefore, it is unlikely
that cell therapies will be soon available for TM perforation procedures
beyond the scope of a clinical trial.

To accelerate the process of bringing new strategies to market and
clinical scenarios, researchers should also focus on the optimization of
the current animal models of TM perforations, as well as on the devel-
opment of new models more reliable to the clinical practice.

5.2. Standardising animal models

Various animal models have been used to evaluate the safety and
efficacy of alternative approaches to the repair of TM perforations, in-
cluding chinchilla, rat, mouse, and guinea pig[89]. However, the ability
to create reproducible chronic TM perforations in an animal model has
yet to be successfully achieved. As a result, the majority of animal stud-
ies are carried out using acute TM perforations, reducing their clinical
relevance to chronic TM perforations due to their ability to heal spon-
taneously.

The current methods used to reportedly create chronic TM perfora-
tions are listed in Table 5. Each of these methods has been reported to
create a successful chronic TM perforation. However, the studies that re-
port their success, tend to be missing important validating information,
which can confirm the creation of chronic TM perforations, such as, the
total number of animals used in a study, an observation time of fewer
than eight weeks, and the number of animals having to have repeated
procedures [89]. Therefore, current literature based on alternative ap-
proaches to the repair of chronic TM perforations with biomaterials is
lacking a standardised chronic TM perforation animal model, standard-
ised observation period, and the reporting of accurate statistical results.
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Table 4
Promising biomaterials for TM perforations closer to market.
Product Material Description Developer
ClearDrum Silk Implantable scaffold ~ Ear Science Research, Australia
Gelatin sponge w/ bFGF  Gelatin + bFGF Implantable scaffold ~ Kaken Pharmaceuticals, Japan and NobelPharma, Japan
TymCure N/A Implantable scaffold ~ TymCure, Israel
Perf-Fix Light curable gel Implantable scaffold Tympanogen, Virginia, USA

Table 5
Chronic tympanic membrane perforation creation in animal models.

Refs. Animal Method Observation time (weeks) Success rate
[90] Rat MC+D+HHA 8 62.5-77.7%
[91] Chinchilla CL 8 51%

[92] Mice KB-R7785 12 90%

[93] Rat MC+D+RM 8 NR

[94] Chinchilla 1T 6 0%

[95] Guinea pig MC+ H +C 6 95%

[10] Chinchilla TC 6 68.7%

MC - mitomycin; D ~dexamethasone; HHA- hammer handle amputation; CL- co,
laser; RM- re-myringotomy; IT- infolding technique; TM- thermal myringotomy;
H- hydrocortisone; C- ciprofloxacin; TC- thermal cautery; Plg- plasminogen; NR-
not recorded

Studies that state the creation of chronic TM perforations, should vali-
date their method with otology images of the presence of the perforation
at least eight weeks after the perforation was created and histology of
the epithelial rim.

6. Conclusions

Here we highlighted the main biomaterials-based, growth fac-
tors/biomolecules, and cell therapy strategies to repair TM perfora-
tions. Besides promising advances in all lines, the development of novel
biomaterial-based strategies is the closest to market commercialisation.
Hyaluronic acid, collagen, and gelatin are currently the main representa-
tives of biomaterials for TM perforations. Future strategies should focus
on their combination as well as exploration of other extracellular-matrix
components. Although biomaterials combined with growth factors rep-
resent a current trend, efficient biomaterials capable of repairing TM
perforations without the need for growth factors will be further pre-
ferred. Finally, there is a great need to optimise current and develop
new and more clinically relevant in vivo TM perforation models, so those
novel strategies may reach the bedside with better probabilities.
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