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Abstract: Middle-ear mucosa maintains middle-ear pressure. However, the majority of surgical 

cases exhibit inadequate middle-ear mucosal regeneration, and mucosal transplantation is neces-

sary in such cases. The aim of the present study was to assess the feasibility of transplantation of 

isolated mucosal cells encapsulated within synthetic self-assembling peptide nanofiber scaffolds 

using PuraMatrix, which has been successfully used as scaffolding in tissue engineering, for 

the repair of damaged middle-ear. Middle-ear bullae with mucosa were removed from Sprague 

Dawley (SD) transgenic rats, transfected with enhanced green fluorescent protein (EGFP) 

transgene and excised into small pieces, then cultured up to the third passage. After surgical 

elimination of middle-ear mucosa in SD recipient rats, donor cells were encapsulated within 

PuraMatrix and transplanted into these immunosuppressed rats. Primary cultured cells were 

positive for pancytokeratin but not for vimentin, and retained the character of middle-ear epi-

thelial cells. A high proportion of EGFP-expressing cells were found in the recipient middle-ear 

after transplantation with PuraMatrix, but not without PuraMatrix. These cells retained normal 

morphology and function, as confirmed by histological examination, immunohistochemistry, 

and electron microscopy, and multiplied to form new epithelial and subepithelial layers together 

with basement membrane. The present study demonstrated the feasibility of transplantation of 

cultured middle-ear mucosal epithelial cells encapsulated within PuraMatrix for regeneration 

of surgically eliminated mucosa of the middle-ear in SD rats.

Keywords: nanofiber, synthetic self-assembling peptide scaffolds, regeneration, middle-ear 

mucosa, in situ tissue engineering

Introduction
Despite advances in public health and medical care, otitis media remains a worldwide 

clinical problem associated in some patients with hearing loss. Middle-ear surgery is 

one of the most effective strategies for noncholesteatomatous and cholesteatomatous 

chronic otitis media. The main goals of middle-ear surgery are hearing improvement 

and the complete removal of active disease.1 In any middle-ear surgery, it is necessary 

to preserve middle-ear mucosa, since it plays an important role in the maintenance 

of middle-ear pressure.2 However, it is often difficult to preserve middle-ear mucosa, 

due to the complete removal of the active focus of otitis media. Impairment of gas 

exchange in the mastoid mucosa, which follows middle-ear surgery, can lead to retrac-

tion of the tympanic membrane, causing recurrence of otitis media or hearing loss.2 

Regeneration of the mucosa from the tympanic cavity to the mastoid after surgery 
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could potentially prevent adhesion within the mastoid caused 

by scar contraction and restoration of mastoid aeration. We 

reported previously the usefulness of a large silicone sheet 

for recovery of mastoid aeration after staged ear surgery 

with soft-wall reconstruction and mastoidectomy.3 In some 

of these cases, regeneration of the mucosal epithelium in the 

mastoid cavity was noted, though it was incomplete.3

Clinically, there is a need for therapeutic trials based 

on regenerative medicine. Previous experimental studies 

described the use of a sheet of mucosal cells grown on a 

collagen gel to promote mucosal regeneration, which was 

successfully implanted in the middle-ear after surgery.4,5 

However, with regard to the clinical application of this 

technology, cell-sheet engineering has certain limitations 

related to the size, location, and irregularity of middle-ear 

mucosal defect caused by middle-ear surgery. In comparison, 

in situ tissue engineering is a new field aimed at promotion 

and acceleration of regeneration and repair of defective and 

damaged tissues based on the natural healing potential of 

patients themselves.6 Thus, in situ tissue engineering can 

be considered another suitable method for regeneration of 

middle-ear mucosa.

The basic concept of biomaterial-based tissue engineering 

was originally introduced by Langer and Vacanti.7 To achieve 

the therapeutic efficacy of cell transplantation, it is neces-

sary to provide an environment suitable for cell function and 

survival.6–9 Tissue engineering requires scaffolds that serve 

as substrates for seeding cells, provide physical support that 

guides new tissue formation, promote the regeneration of 

natural tissues, or enhance the creation of biological substi-

tutes for defective or lost organs.10,11 Many types of scaffolds, 

such as biological extracellular matrix (ECM) and biological 

or synthetic hydrogels, have been developed for cell trans-

plantation over the last several decades. Biological ECM, eg, 

Matrigel (BD Biosciences, San Jose, CA, USA), which con-

sists of type IV collagen, laminin, and heparan sulfate proteo-

glycan, seems to help create a suitable microenvironment.12,13 

Moreover, due to their innate structural and compositional 

similarities to ECM, hydrogels have been used as the material 

of choice in many applications in regenerative medicine and 

have been used as drug and cell carriers in the field of tissue 

engineering.14,15 Hydrogels are three-dimensional networks 

formed from hydrophilic homopolymers, copolymers, or 

macromers. Biological hydrogels prepared from agarose, 

alginate, chitosan, hyaluronan, fibrin, collagen, and many 

other materials have been used in tissue engineering.14–16 

However, with regard to their clinical application, biological 

ECM and biological hydrogels carry the risk of contamina-

tion.8,13 On the other hand, synthetic hydrogels, consisting 

of neutrally charged synthetic monomers, such as poly(2-

hydroxyethyl methacrylate) (PHEMA), poly(vinyl acetate), 

and poly(ethylene glycol) (PEG) hydrogels do not have the 

drawback of contamination with infectious pathogens and 

might be ideal for tissue engineering. Much of the success 

with synthetic hydrogels in tissue engineering is due to the use 

of PHEMA hydrogels.15 One of the earliest uses of PHEMA 

was artificial cornea and keratoprosthesis, and the success 

of PHEMA hydrogels resulted in the important development 

of synthetic scaffolds.15,17 On the other hand, poly(vinyl 

acetate) hydrogels were mainly developed for avascular tis-

sues based on their elasticity, low coefficient of friction, and 

structural properties similar to natural cartilage.18 However, 

these hydrogels are polymerized chemically (for example, by 

photopolymerization, including free radical polymerization, 

by disulfide-bond formation, or by reaction between thiols 

and acylate), and have the potential of toxic environments, 

which may denature incorporated proteins, embedded cells, 

and surrounding tissues.15,19,20 PEG is hydrophilic and bio-

compatible, with properties that limit immunogenicity and 

antigenicity.21,22 As with many other synthetic hydrogels, PEG 

hydrogels have been used successfully in tissue-engineering 

applications that do not require the scaffold to be vascular-

ized, such as skin and cartilage.15 PEG hydrogels are also 

polymerized chemically, but copolymers of PEG with biode-

gradable biocompatible aliphatic polyesters, eg, polylactide, 

polyglycolide, poly(ε-caprolactam), or poly([R]-3-hydroxy-

butyrate), can be polymerized physically (eg, by temperature, 

pH, or both).20 Thus, synthetic polymer hydrogels consisting 

of PEG or block copolymers have been the most successful 

tissue-engineering applications to date.15,20 On the other 

hand, another important class of synthetic hydrogels is self-

assembled peptide hydrogels that assemble physically to form 

fibers or other kinds of nanoscale structures. Self-assembled 

peptides provide a number of unique advantages, such as the 

ability to form gels and relatively easy gel functionaliza-

tion,15 compared to the aforementioned synthetic polymer 

hydrogels. Some of the important properties as matrices 

for tissue engineering are degradability, injectability, ease 

of handling, and water content.14 Furthermore, most self-

assembled peptide hydrogels conform to these properties.10,15 

One of the attractive self-assembling peptide hydrogels used 

as three-dimensional scaffolds for tissue engineering com-

prises ionic self-complementary peptides, which form stable 

β-sheet structures that self-assemble to form nanofibers.11 

These nanofibers form interwoven matrices that further form 

a high-water-content scaffold hydrogel.11
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In the present study, we evaluated the synthetic self-

assembling peptide nanofiber PuraMatrix (BD Biosciences) 

scaffolds for cell transplantation and in situ tissue engineer-

ing for regeneration of middle-ear mucosa in an animal 

model. PuraMatrix is a 16-amino acid synthetic peptide 

(Ac-[RADA]
4
-CONH

2
), characterized by stable β-sheet 

structure with ionic side-chain interactions and known to 

undergo self-assembly into hydrogels containing ∼99.5% 

w/v water.8,9,23 Upon the introduction of millimolar amounts 

of monovalent cations (physiological condition), PuraMatrix 

undergoes self-assembly into nanofibers on a scale (average 

pore size 5–200  nm) similar to the ECM and provides a 

suitable biological scaffold, allowing encapsulated cells to 

migrate within that microenvironment and create their own 

microenvironments rapidly, including production of their 

own ECM, although other synthetic polymer hydrogels are 

often made of microfibers after gelation with diameters 

of 10–100 µm, which are much larger than native ECM.8 

Moreover, these peptides have the motif arginine–alanine–

aspartic acid (RAD), which is similar to the ubiquitous 

integrin receptor-binding site arginine–glycine–aspartic acid 

(RGD), which has been studied in the context of cell attach-

ment.8,11,24 At present, several clinical trials of cell therapies 

using PuraMatrix have been reported for cartilage,25,26 myo-

cardial,27 neural,28–31 and hepatic32,33 regeneration, indicating 

the potential usefulness of PuraMatrix.

For analysis of cell transplantation, it is important to 

clarify the origin of the regenerating tissue. In the model 

used in this study, donor cells were prepared from Sprague 

Dawley (SD) transgenic (Tg) rats carrying the enhanced green 

fluorescence protein (EGFP) transgene,34,35 and EGFP expres-

sion was used as a tracer of donor cells after transplantation. 

Thus, in the present study, we evaluated the usefulness of 

isolated middle-ear mucosal epithelial cells encapsulated 

within PuraMatrix, which formed nanofiber scaffolds for 

in situ tissue engineering of middle-ear mucosal tissue, and 

identified the origin of regenerating tissue by EGFP expres-

sion of donor cells.

Materials and methods
Experimental animals
Ten male SD-Tg rats (4–5 weeks old, weight 90–140 g) were 

used for primary culture of middle-ear epithelial cells, for 

calculation of the doubling time (DT), and as donor cells. 

Fourteen male SD rats (6–7 weeks old, weight 150–160 g) 

were used as recipients. All animal-care and experimental 

procedures were conducted in accordance with the Guide-

lines for Animal Experimentation of Nagasaki University 

and were approved by the Institute of Animal Care and Use 

Committee.

Primary culture of middle-ear epithelial 
cells from SD-Tg rats
Donor cells were prepared by primary explant culture, as 

described originally by Harrison36 and Carrel.37 The primary 

explant culture was prepared by allowing cells to migrate 

out of fragments of tissue adhering to a suitable substrate. 

The technique for cultured epithelium can be applied to 

middle-ear epithelium, which has been successfully cultured 

from rats, guinea pigs, gerbils, chinchillas, and humans.38 

SD-Tg rats (n = 4) were killed by intraperitoneal injection 

of 200  mg/kg pentobarbital. The middle-ear bullae with 

attached mucosa were removed and minced into small 

pieces, which were then seeded onto a collagen Ι-coated 

dish containing serum-free culture medium (1:1 mixture of 

Dulbecco’s Modified Eagle’s Medium [Life Technologies, 

Carlsbad, CA, USA] and bronchial epithelial cell growth 

medium [Lonza, Basel, Switzerland]) with supplemental 

kit (Lonza) containing hydrocortisone (0.5 µg/mL), insu-

lin (5.0 µg/mL), transferrin (10 µg/mL), triiodothyronine 

(6.5  ng/mL), epinephrine (0.5  µg/mL), bovine pituitary 

extract (10 µg/mL), epidermal growth factor (0.5 ng/mL), 

retinoic acid (0.1  ng/mL), gentamicin (50  µg/mL), and 

amphotericin B (50 ng/mL).39 The culture dish was main-

tained under a humidified atmosphere of 5% CO
2
 in air at 

37°C, and the outgrowth cells were subcultured up to the 

third passage.

Cell-viability test
The number of viable cells present in a cell suspension was 

determined by the trypan blue dye-exclusion test (trypan blue 

stain 0.4% [Life Technologies]).

Calculation of cell doubling time
Cells were prepared from six SD-Tg rats by explant culture, 

as previously described. The cells were cultured up to the 

second passage and collected after treatment with 0.05% 

trypsin/phosphate-buffered saline (PBS) and then detached 

from the culture dish for calculation of the DT. A total of 

7.5 × 104 cells were seeded per 35 mm dish. Using a hemocy-

tometer, the cell number in three dishes was determined after 

trypsinization, and the average number was calculated every 

day. On day 9, the growth curve was constructed and the DT 

was calculated using the following formula: DT = t log (2)/ 

(log n – log n
0
), where t = total time elapsed, n = final number 

of cells, and n
0
 = initial number of cells.
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Preparation of donor cells before 
transplantation
Donor cells were prepared from four SD-Tg rats by explant 

culture, as previously described. The cells were cultured up 

to the third passage and collected after treatment with 0.05% 

trypsin/PBS and then detached from the culture dish for 

transplantation. PuraMatrix consists of standard amino acids 

(1% w/v) and 99% water, and sol–gel transition occurs upon 

interaction of the peptide monomers in water with the electro-

lyte solution. The cells were washed in 10% sucrose solution 

and encapsulated within PuraMatrix. An equal volume of the 

culture medium was added to induce gelation (0.25% w/v) 

and prepared donor cells at a final density of 0.5 × 106 (low 

density) or 1.0 × 106 cells/mL (high density) (Figure 1A). 

Because PuraMatrix exhibits a low pH, this process was 

performed rapidly to minimize the contact time between cells 

and material prior to the addition of culture media. The cell 

densities selected in this study have been described previously 

in a protocol for cell seeding with PuraMatrix and used for 

myocardial progenitor cell transplantation with PuraMatrix.24 

The cells encapsulated within PuraMatrix were incubated 

under a humidified atmosphere and 5% CO
2
 in air at 37°C 

overnight after gelation with culture medium.

Transplantation of cultured cells with 
peptide hydrogel
Recipient SD rats (n = 14) were anesthetized by intraperito-

neal injection of 30 mg/kg pentobarbital. A small incision was 

made behind the ear, and a small hole with a 3 mm diameter 

was created in the posterior-superior surface of the middle-

ear bulla using a surgical drill (Figure 1B [a]). Using this 

approach, the internal mucosa of the middle-ear bulla was 

eliminated as thoroughly as possible under a surgical micro-

scope (Figure  1B [b]) (the middle-ear mucosa-eliminated 

model). The donor cells encapsulated within PuraMatrix were 

transplanted into the bullae of recipients through the hole at 

100 µL of cell mixture per ear (Figure 1B [c and d]). The hole 

was subsequently filled with bone wax (TMI, Tokyo, Japan) 

(Figure 1B [e]). As a control, donor cells with culture medium 

were also transplanted by injection. FK506 (Astellas Pharma, 

A

B

Explant culture

Transplantation

SD rat

Eardrum
Bulla

SD-Tg rat
Donor cells

Cells + hydrogel

a b c d e

Figure 1 (A and B) Schematic diagram of in situ tissue engineering model of rat middle-ear epithelium. (A) Donor cells (gray dots) were prepared from Sprague Dawley 
transgenic (SD-Tg) rats by explant culture and encapsulated within PuraMatrix before transplantation. (B) Donor cells were transplanted into the middle-ear bullae of recipient 
rats that had undergone surgical elimination of the middle-ear mucosa before transplantation. Creation of a small hole by surgical drill (arrow) (a); mucosa elimination (arrows) 
(b); before transplantation (c); transplantation of epithelial cells encapsulated within PuraMatrix (d); filling of the hole with bone wax (black circle) (e).
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Tokyo, Japan) was administered at a dose of 0.32 mg/kg/day 

for 5 consecutive days per week,40 together with penicillin G 

at a dose of 22 U/g/day every day by intramuscular injection 

after transplantation. At days 0, 7, 14, and 28, recipient rats 

were killed by intraperitoneal injection of pentobarbital, and 

middle-ear bullae were collected for analysis.

Antibodies
The antibodies used in the present study are listed in Table 1. 

A mouse monoclonal antibody against cytokeratins 5, 6, 8, 

and 18 (pancytokeratin [5/6/8/18]) (dilution 1:200 or 1:20) 

(Novocastra, Newcastle, UK) was used as an epithelial cel-

lular marker,41–43 and a mouse monoclonal antibody against 

vimentin (Dako, Glostrup, Denmark) (dilution 1:800) was 

used as a mesenchymal cell marker.41,44,45 A rabbit polyclonal 

antibody against collagen type III (dilution 1:400) (Abcam, 

Cambridge, UK) was used as a marker of elaboration of 

ECM component,46,47 and a rabbit polyclonal antibody against 

collagen type IV (dilution, 1:50) (LSL, Tokyo, Japan) was 

used as a marker of basement membrane.46,48 A monoclonal 

antibody against E-cadherin (dilution 1:1000) (BD Biosci-

ences) was used as a marker of the adhesive core of adherens 

junctions.48,49 Normal goat immunoglobulin (Ig)-G, normal 

mouse IgG, and normal rabbit IgG were purchased from 

Sigma-Aldrich (St Louis, MO, USA). Horseradish peroxidase 

(HRP) goat anti-mouse IgG was purchased from Chemicon 

International (Temecula, CA, USA) and HRP goat anti-rabbit 

IgG was purchased from Medical and Biological Laboratories 

(Nagoya, Japan). Cy3 goat anti-mouse IgG was purchased 

from Amersham Biosciences (Piscataway, NJ, USA).

Cell and tissue preparation
Cells prepared from donor middle-ear bullae and cultured 

up to the third passage were pelleted and resuspended at 

8.0  ×  104 cells/mL in PBS. For cytospin preparation, the 

cells were spun down to 3-aminopropytriethoxysilane-coated 

slides at 3.2 × 104 cells/slide at 800 rpm for 2 minutes. They 

were then air-dried before storage at −80°C.

At days 0, 7, 14, and 28, recipients were killed by intra-

peritoneal injection of pentobarbital, and middle-ear bul-

lae were collected for analysis. Each sample was divided 

horizontally into two halves. Half of the bullae collected 

at day 0 were fixed with 4% paraformaldehyde/PBS at 4°C 

overnight, decalcified by 10% ethylenediaminetetraacetic 

acid at 4°C for 7 days,50 and embedded in paraffin. Serial 

sections (5 µm thick) were prepared and then mounted on 

3-aminopropytriethoxysilane-coated slides. These were used 

for immunohistochemistry for pancytokeratin and vimentin. 

The other half of the bullae collected at days 7, 14, and 28 

were frozen immediately on dry ice and embedded in opti-

mal cutting temperature compound (Sakura Finetek, Tokyo, 

Japan). Serial sections (5 µm thick) using the film method51 

were prepared and used for the detection of EGFP, periodic 

acid–Schiff (PAS) staining, and immunohistochemistry. 

Bullae of the other half were fixed in 2.5% glutaraldehyde in 

0.01 M PBS overnight at 4°C for electron microscopy (EM). 

For histological examination, hematoxylin and eosin staining 

was performed using a standard procedure.

Immunohistochemistry
Immunohistochemistry was performed with the indirect 

enzyme-labeled antibody method, as described previously.52,53 

The cytospin slides and frozen sections were warmed up in the 

sealed black case at room temperature (RT) for 2 hours and 

fixed with 4% paraformaldehyde/PBS at RT for 30 minutes 

for enzyme immunohistochemistry. The sections were depar-

affinized with toluene and rehydrated with serially graded 

ethanol solutions. The sections were treated with 1% trypsin 

250 and 1% calcium chloride in 50 mM tris-buffered saline 

(pH 7.8) to detect pancytokeratin, collagen type III, collagen 

type IV, and E-cadherin. The cytospin slides, frozen sections, 

and paraffin sections were microwaved in 10 mM citrate buffer 

(pH 7.4) for 3 minutes to detect vimentin. After inactivation of 

endogenous peroxidase activity with 0.3% H
2
O

2
 in methanol 

(RT, 15 minutes) the slides were preincubated with 500 µg/mL 

normal goat IgG in 1% bovine serum albumin (Sigma-

Aldrich)/PBS for 1 hour to block nonspecific reaction. Then, 

the slides were incubated overnight with anti-pancytokeratin 

(cytospin slides and paraffin sections, 3.2 µg/mL; frozen sec-

tions, 32 µg/mL), anti-vimentin (0.025 µg/mL), anti-collagen 

type III (2.5 µg/mL), 50-fold dilution for anti-collagen type 

IV, and anti-E-cadherin (0.025 µg/mL) antibody (Table 1). 

Table 1 List of primary antibodies used for immunohistochemistry

Antigen Antibody Working 
dilution

Cytokeratin 5, 6, 8 
and 18

Monoclonal; NCL-L-PAN-CK 1:200 or 1:20  
(3.2 or 32 μg/mL)

Vimentin Monoclonal; anti-vimentin 
clone V9

1:800  
(0.025 μg/mL)

Collagen type III Polyclonal; anti-collagen  
type III antibody

1:400  
(0.25 μg/mL)

Collagen type IV Polyclonal; anti-collagen  
type IV antibody

1:50

E-Cadherin Monoclonal; anti-E-cadherin  
antibody

1:1000  
(0.025 μg/mL)

Note: NCL-L-PAN-CK = Pancytokeratin (Novocastra Laboratories).
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The  slides were washed four times with 0.075% Brij 35 

(Sigma-Aldrich) in PBS, and reacted with HRP goat anti-

mouse IgG (dilution 1:00) for anti-pancytokeratin and anti-

vimentin antibodies or HRP goat anti-rabbit IgG (dilution, 

1:00) for anti-collagen type III and anti-collagen type IV 

antibodies for 1 hour as the secondary antibody. After wash-

ing the slides with 0.075% Brij 35  in PBS, the HRP sites 

were visualized with 3,3′-diaminobenzidine-4HCl (Dojin 

Laboratories, Kumamoto, Japan) in H
2
O

2
 solution (pH 7.6) 

with 2% methyl green counterstaining. Cy3 goat anti-mouse 

IgG (dilution 1:100) was used as the secondary antibody 

for anti-E-cadherin antibody and visualized by fluorescence 

conjugate. For negative control, normal mouse IgG or normal 

rabbit IgG was used instead of the first antibodies, respectively, 

in every experiment.

Fluorescent images were obtained using a Zeiss fluores-

cent microscope or a Zeiss LSM 510 confocal laser scanning 

microscope connected to a charge-coupled-device camera 

(AxioCam; Carl Zeiss Meditec, Jena, Germany).

PAS staining
The frozen sections were warmed up in a sealed black case at 

RT for 2 hours, and fixed with 100% ethanol at RT overnight 

for PAS staining. PAS staining was performed according to 

McManus’s method54 using Schiff’s reagent (Muto, Tokyo, 

Japan).

Quantitative analysis
For quantitative analysis, more than 1,000 cells were counted 

in random fields at 400× magnification, and the numbers of 

pancytokeratin- and vimentin-positive cells were expressed 

as percentage of positive cells per total number of counted 

cells (mean ± standard deviation, %, n = 3). The staining 

intensity of pancytokeratin and vimentin was graded as posi-

tive or negative compared to the background staining with 

normal mouse IgG.

Results
Analysis of donor cells
Mucosal epithelial cells from SD-Tg rats showed a cobble-

stone appearance and expressed EGFP up to the third pas-

sage (Figure  2A and B). Immunohistochemical analysis 

identified staining of mucosal epithelial cells for pancyto

keratin but not vimentin, (96.0% ± 1.5%, n = 3) (Figure 2C 

and D). The growth curve of the donor cells from SD-Tg 

rats indicated logarithmic growth during the first 9  days 

at the third passage, with a calculated DT of 22.1  hours 

(Figure 2E). The viability of trypsinized cells was .90%. 
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Figure 2 (A–E) Characterization of donor cells cultured by the primary explant-
culture method. (A and B) Bright-field images and fluorescence images of donor 
cells by phase-contrast microscopy. Donor cells of Sprague Dawley transgenic rats 
showed a cobblestone appearance (A), and enhanced green fluorescent protein 
expression was stable up to the third passage (B). Scale bars, 100 µm. (C and D) 
Immunohistochemical analysis of donor cells collected by cytospin. The majority 
(98.6%) of donor cells were positive for pancytokeratin (C), with only a few positive 
for vimentin (D) at the third passage collected by cytospin. Scale bars, 20 µm. (E) In 
vitro cell-growth curve. The calculated doubling time was 22.1 hours.

These results indicate that donor cells are almost epithelial 

cells at the third passage.

Analysis of middle-ear mucosa-
elimination model
To confirm middle-ear mucosal elimination in the recipi-

ent rats, we performed immunohistochemical analysis 

using anti-pancytokeratin and anti-vimentin antibodies. 

The middle-ear regions of these rats contained only a few 

pancytokeratin-positive cells (Figure 3A and D), compared 

with abundant vimentin-positive cells (Figure 3B and F). On 

the other hand, examination of the outer-ear regions demon-

strated the presence of pancytokeratin-positive cells in the 

epithelium (Figure 3A and E) and vimentin-positive cells in 

the subepithelial layer (Figure 3B and G). No staining was 

found in regions of the middle and external ears in the control 

sections stained with normal mouse IgG instead of the first 
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Figure 3 (A–I) Immunohistochemical analysis of the middle-ear of the recipients after mucosal tissue elimination before transplantation. (A, D and E) Anti-pancytokeratin; 
(B, F and G) anti-vimentin; (C, H and I) normal mouse immunoglobulin G. In the middle-ear lesion, vimentin-positive cells were detected (arrows in B and F), and only a 
few pancytokeratin-positive cells were present (A and D). In the external ear, pancytokeratin-positive cells were detected in the epithelial lesion (arrows in A and E), while 
vimentin-positive cells were detected in the subepithelial lesion (arrows in B and G). No staining was detected in sections reacted with normal mouse immunoglobulin G 
instead of the primary antibody (C–I).
Note: Arrowheads, tympanic membrane; arrows, positive cells; scale bars 100 µm (A–C), 50 µm (D–I).

antibody (Figure 3C, H, and I). These results confirmed the 

complete elimination of the epithelial mucosal layer and par-

tial elimination of the subepithelial layer during the surgical 

preparation of the middle-ear of recipient rats.

Analysis of mucosal regeneration  
after transplantation
The middle-ear bullae with transplanted cells were analyzed 

at 7, 14, and 28  days after transplantation. In all cases, 

no apparent inflammatory changes were observed on the 

otomicroscope before killing. At 7 days after transplanta-

tion, similar to normal middle-ear bullae (Figure 4A), an 

epithelioid layer could be detected on the surface of the 

subepithelial layer of the recipient middle-ear bullae in which 

the cells were transplanted with PuraMatrix (Figure 4B), but 

not without PuraMatrix (Figure 4C). At the same time point, 

EGFP-expressing donor cells were found on the surface of 

the subepithelial layer of the recipient middle-ear bullae 

in all three cases in which the cells were transplanted with 

PuraMatrix at a density of 0.5 × 106 cells/mL (Figure 5A) 

and in two of the three cases in which they were transplanted 

with PuraMatrix at a density of 1.0 × 106 cells/mL (Table 2). 

In contrast, EGFP-expressing cells were not found on the 

subepithelial surface in middle-ear bullae of recipients in 

which the cells were transplanted without PuraMatrix (n = 3) 

(Table 2). The EGFP-expressing cells found on the recipient 

Figure 4 (A–C) Hematoxylin and eosin staining of middle-ear bullae after cell transplantation at postoperative day 7. (A) Normal middle-ear bulla; (B and C) a middle-ear 
bulla in which the cells were transplanted with PuraMatrix at a density of 5.0 × 105 cells/mL (B) or without PuraMatrix (C). (A) A monolayer structure of middle-ear mucosal 
epithelium was confirmed on the inner surface of the normal middle-ear bulla (arrows). (B) Epithelioid layer formation was identified on the surface of the subepithelial layer 
of the recipient middle-ear bulla in which the cells were transplanted with PuraMatrix (arrowheads). (C) No epithelioid layer formation was observed on the surface of the 
subepithelial layer of the recipient middle-ear bulla in which the cells were transplanted without PuraMatrix.
Note: Black asterisks, subepithelial layer; white asterisks, inner bone surface of the middle-ear bulla; scale bars, 20 µm.
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middle-ear bullae were positive for pancytokeratin but not 

for vimentin (Figure 5C and D).

In these samples, the donor cells were still stratified and 

lacked a monolayer structure (Figure 5A and B). Collagen 

III-positive regions were detected mainly in the subepithe-

lium after transplantation (Figure  5E), indicating active 

remodeling of the middle-ear after mucosal tissue elimina-

tion.46–48 Collagen IV-positive regions were detected under 

the donor cells (Figure 5F), indicating attachment of donor 

cells to the ECM and basement membrane conformation.46,49 

Moreover, some of the cells found in the subepithelial 

layer were positive for PAS staining, indicating they were 

functional, producing some mucus protein (Figure  5G). 

To confirm these results, we also performed ultrastructural 

analysis. Scanning electron microscopy indicated that the 

regenerating epithelial surface consisted of flat polygonal 

squamous cells bordered by microvilli (Figure 5I), which 

resembled the normal middle-ear mucosa.55,56 Furthermore, 

transmission electron microscopy identified the forma-

tion of adherens junction-like structures between adjacent 

epithelial cells (Figure 5J and K). Immunohistochemical 

analysis also identified E-cadherin-positive regions between 

adjacent cells (Figure  5H). These findings indicate the 

migration of transplanted donor cells into the recipient 

tissue and their reorganization to almost normal ultra-

Table 2 Localization of EGFP-expressing cells after 
transplantation

Samples Hydrogel POD7 POD14 POD28 Engraftment 
rate

0.5 × 106  
cells/mL 
(n = 3)

+ 3/3 3/3 2/3 88.9%

1.0 × 106 
cells/mL 
(n = 3)

+ 2/3 3/3 0/3 44.4%

1.0 × 106  
cells/mL 
(n = 3)

– 0/3 – – 0.0%

Abbreviations: POD, postoperative day; EGFP, enhanced green fluorescent protein.

Figure 5 (A–K) Analysis of transplanted mucosal epithelial cells in the recipient tissues at postoperative day 7. (A–H) Serial frozen sections of middle-ear bullae after 
transplantation at a concentration of 0.5 × 106 cells/mL. Enhanced green fluorescent protein-expressing cells were found on the internal surface of the recipient middle-
ear bullae under laser scanning microscope (green, enhanced green fluorescent protein; blue, 4′,6-diamidino-2-phenylindole) (A) and were localized on the surface of the 
subepithelial layer and compared with hematoxylin and eosin staining (B). These cells were positive for pancytokeratin (C, arrows) but not for vimentin (D). Collagen 
III-positive cells were detected mainly in the subepithelial layer (E) while collagen IV-positive cells were detected under the donor cells, resembling basement membrane 
(F) (arrowheads). Some epithelial cells were positive for periodic acid–Schiff staining (G, arrows). E-cadherin-positive cells were detected between adjacent epithelial cells 
(red, E-cadherin) (H). Scale bars, 20 µm. (I–K) Ultrastructural analysis. Scanning electron microscopy confirmed the morphology of the regenerating epithelial surface, which 
consisted of flat polygonal squamous cells (I), scale bar 50 µm. Transmission electron microscopy identified the formation of adhesion-junction-like structures between 
adjacent epithelial cells (J and K, white circle), scale bar 1 µm.
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structure of the middle-ear epithelial cells at 7 days after 

transplantation.

At 14  days after transplantation, EGFP-expressing 

donor cells were detected in all recipients that received 

donor cells transplanted with PuraMatrix at density 

of 0.5  ×  106 cells/mL (n  =  3) (Figure  6A and B) and 

1.0  ×  106 cells/mL (n  =  3) (Table  2), together with the 

formation of a monolayer structure of mucosal epithe-

lial cells (Figure  6A). At 28  days after transplantation, 

EGFP-expressing donor cells were detected in two of 

three recipients that received donor cells transplanted 

with PuraMatrix at a density of 0.5 × 106 cells/mL (n = 3) 

(Figure  6G and H), but not in recipients that received 

donor cells transplanted with PuraMatrix at a density of 

1.0 × 106 cells/mL (n = 3) (Table 2). At 14 and 28 days 

after transplantation, EGFP-expressing cells found in the 

recipient middle-ear bullae were positive for pancytok-

eratin (Figure 6C and I), but not for vimentin (Figure 6D 

and J), similar to the results at 7 days after transplantation. 

Collagen III-positive regions were also detected mainly 

in the subepithelium (Figure 6E and K), and the regions 

were reduced in size at 28  days after transplantation. 

Collagen IV-positive regions were also detected under the 

monolayer structure of donor cells at 14 (Figure 6F) and 

28 days (Figure 6L) after transplantation.

Discussion
In this study, we evaluated the usefulness of PuraMatrix as 

scaffolding for in situ tissue engineering of middle-ear mucosa. 

We generated a rat model of surgically damaged middle-ear 

transplanted with cultured middle-ear epithelial cells encap-

sulated within PuraMatrix. Donor cells were middle-ear 

epithelial cells from SD-Tg rats, and their EGFP expression 

was sufficient up to the third passage. The transplanted cells 

were confirmed to have normal epithelial cell features, both 

morphologically and functionally. After the transplantation of 

EGFP-expressing cells within PuraMatrix, these cells were 

found on the surface of the subepithelial lesion in the recipi-

ent middle-ear, had retained their normal morphology and 

function, and formed new epithelial and subepithelial layers, 

separated by a basement membrane. In contrast, donor cells 

transplanted without PuraMatrix were not settled in our model. 

These results suggest that proper scaffolds are indispensable 

for cell transplantation and that PuraMatrix forms effective 

nanofiber scaffolds in in situ tissue engineering of middle-ear 

mucosal tissue in this animal model.

Figure 6 (A–L) Analysis of transplanted mucosal epithelial cells in recipient tissues at postoperative days 14 and 28. (A–F) Serial frozen sections of middle-ear bullae after 
transplantation (0.5 × 106 cells/mL) at postoperative day 14, and (G–L) postoperative day 28. (A, B, G and H) Fluorescence images at several time points. Enhanced green 
fluorescent protein (EGFP)-expressing cells were detected on the internal surface of recipient middle-ear bullae (green, EGFP; blue, 4′,6-diamidino-2-phenylindole) (A and G). 
Results of immunostaining with (C and I) anti-pancytokeratin, (D and J) anti-vimentin, (E and K) anti-collagen III, and (F and L) anti-collagen IV antibody. EGFP-expressing 
cells were positive for pancytokeratin (C and I, arrows), but not for vimentin (D and J). Collagen III-positive regions were detected mainly in the subepithelium (E and K). 
Collagen IV-positive regions were detected under the monolayer structure of donor cells at 14 and 28 days after transplantation (F and L, arrowheads). Scale bars, 50 µm.
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Synthetic scaffolds with several biopolymers have been 

developed for biomedical and pharmaceutical applications, 

such as drug delivery57,58 and tissue engineering.8,20,59–61 

Injectable biodegradable polymer hydrogels are ideal 

for in situ tissue engineering, because cells can be easily 

incorporated into polymer solutions and rapidly convert 

into a gel under physiological conditions, comprising three-

dimensional hydrophilic polymeric networks.8,20 However, 

these biomaterials are often made of microfibers after gela-

tion, which are much larger than native ECM.8 In our study, 

PuraMatrix (synthetic peptide hydrogel) could provide a 

suitable biological environment for cell-to-cell interaction 

based on such structural features as nanofiber formation on 

a scale similar to the ECM, and also its ability to retain water 

(water content up to 99.5% w/v).8,24,25

Examination of the regenerating mucosa in the damaged 

middle-ear demonstrated increased synthesis of collagen III 

around the migrated donor cells at day 7 after transplantation, 

indicating active tissue remodeling.46–48 Collagen type IV-

positive regions were also detected under the epithelial cells 

during the same period, indicating the formation of the base-

ment membrane.46,49 Moreover, the migrated epithelial cells 

were PAS-positive, indicating that the cells produced mucus, 

which is a functional characteristic of middle-ear epithelial 

cells. Furthermore, the scanning electron microscopy find-

ings indicated that the regenerating cells resembled middle-

ear epithelial cells morphologically, while transmission 

electron microscopy demonstrated the presence of adherens 

junction-like structures. In epithelial tissues, intercellular 

junctions consist of tight junctions, adherens junctions, and 

desmosomes. Adherens junctions are first assembled in epi-

thelial cells, and are one of the most important components 

of cell-to-cell adhesion in epithelial tissues.48 The adhesive 

elements, notably E-cadherin, stably connect epithelial cells 

together and play essential roles in overall tissue organiza-

tion and proper physiological function of tissue.48,49 The 

results of immunohistochemical studies also confirmed the 

presence of E-cadherin-positive regions among donor cells. 

Considered together, these results indicate that cell adhesion 

had already begun and that transplanted donor cells with 

PuraMatrix migrated into the appropriate parts of recipient 

tissue, reorganizing the normal structure of the middle-ear 

epithelial layer soon after transplantation.

Recently, Kopesky et  al25 reported chondrogenic dif-

ferentiation of bone marrow stromal cells after rapid cell-

to-cell contact during the first week after encapsulation in 

PuraMatrix under conditioned medium. In another study, 

the formation of neovascular networks was observed within 

7  days of injection of human endothelial progenitor cells 

and mesenchymal progenitor cells with PuraMatrix into the 

dorsal flanks of immune-deficient mice, and the effect was 

similar to the biological ECM Matrigel.62 Our results provide 

support to these studies and indicate that transplanted donor 

cells with PuraMatrix migrated into the appropriate parts of 

recipient tissue following early cell-to-cell contact at 7 days 

after transplantation. Specifically, nanoscale surface topog-

raphy could promote cell-to-cell contact and an RAD motif 

of PuraMatrix, which is similar to the sequence of RGD 

identified as a cell attachment sequence in various adhesive 

proteins present in the ECM, thus providing support for cell 

adhesion, migration, and proliferation.8,10,11 Furthermore, the 

findings using our model suggest that the remnant subepi-

thelial layer of the recipient middle-ear seems to facilitate 

homing of donor cells to their destination.

At 14 days after transplantation, the engraftment rate 

was 100% in both the high- and low-cell-density groups 

with PuraMatrix. Interestingly, at 28 days after transplanta-

tion, the engraftment rate was lower in the high-cell-density 

group than the low-cell-density group (Table 2). Generally, 

the proliferation rate is seeding density-dependent, but it is 

possible that a high seeding density could induce cell-to-

cell contact inhibition in a three-dimensional environment.63 

The exact reason for this finding was not investigated in this 

experiment, but a previous study using bovine chondrocytes 

embedded in agarose hydrogels suggested that high seed-

ing density may be associated with limitation of nutrient 

supply.64,65 In fact, it was difficult to maintain primary 

cultured cells obtained from SD-Tg rats in PuraMatrix at 

high density in vitro (data not shown). Employing cartilage 

tissue-engineering technology, Park et  al65 demonstrated 

higher ECM protein expression following inoculation of 

rabbit bone marrow mesenchymal stem cells embedded in 

oligo(poly[ethylene glycol] fumarate) at low cell density 

compared with high cell density.65 On the other hand, pep-

tide hydrogels are mechanically weak, and this feature is 

disadvantageous for tissue engineering,15 because adherent 

tissue cells must, in general, attach to a solid substrate for 

their survival, and mechanical stiffness of scaffold materials 

for tissue engineering is important for cell proliferation.63,66,67 

However, one previous study indicated that adhesion and 

proliferation of human umbilical vein endothelial cells 

for 5  days was higher in PuraMatrix (0.275% w/v) than 

PEG (7.84% w/v), although the elastic and viscous moduli 

of PuraMatrix were lower than those of PEG.68 Taken 

together, the results indicate a better engraftment rate with 

the use of low cell density compared with high cell density. 
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These phenomena need to be investigated in more detail, 

including comparison with other scaffolds.

The limitation of cell source should be solved in extensive 

tissue damage to ensure adequate tissue regeneration. To 

address this issue, cell sheets engineered from autologous 

oral mucosal epithelial cells and used for reconstruction 

of the ocular surface resulted in restoration of vision in 

patients with severe bilateral ocular diseases.69 When the 

cell source is not exhausted, it is ideal to transplant cells 

obtained from the same origin into the damaged lesion for 

proper tissue regeneration. In our study, the required cells 

for regeneration of a damaged middle-ear mucosa were less 

than one-twentieth of the requirement for a middle-ear cell 

sheet.4 In situ tissue engineering using cell transplantation 

with PuraMatrix could potentially result in successful regen-

eration of mucosal tissue.

Conclusion
The present study demonstrated the feasibility of transplan-

tation of engineered middle-ear mucosal epithelial cells 

encapsulated within PuraMatrix for regeneration of surgically 

damaged mucosa of the middle-ear in SD rats.
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