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Purpose: A transportation technique for cell sheets is necessary to standardize regenerative medicine. The aim of
this article is to develop and evaluate a new transportation technique for cell sheets.
Material and Methods: We developed a transportation container with three basic functions: the maintenance of
interior temperature, air pressure, and sterility. The interior temperature and air pressure were monitored by a
recorder. Human oral mucosal epithelial cells obtained from two healthy volunteers were cultured on temperature-
responsive culture dishes. The epithelial cell sheets were transported via an airplane between the Osaka University
and Tohoku University using the developed cell transportation container. Histological and immunohistochemical
analyses and flow cytometric analyses for cell viability and cell purity were performed for the cell sheets before and
12 h after transportation to assess the influence of transportation on the cell sheets. Sterility tests and screening for
endotoxin and mycoplasma in the cell sheets were performed before and after transportation.
Results: During transportation via an airplane, the temperature inside the container was maintained above 32�C,
and the changes in air pressure remained within 10 hPa. The cell sheets were well stratified and successfully
harvested before and after transportation. The expression patterns of keratin 3/76, p63, and MUC16 were equivalent
before and after transportation. However, the expression of ZO-1 in the cell sheet after transportation was slightly
weaker than that before transportation. The cell viability was 72.0% before transportation and 77.3% after trans-
portation. The epithelial purity was 94.6% before transportation and 87.9% after transportation. Sterility tests and
screening for endotoxin and mycoplasma were negative for all cell sheets.
Conclusion: The newly developed transportation technique for air travel is essential technology for regenerative
medicine and promotes the standardization and spread of regenerative therapies.

Introduction

Limbal autograft can be used as a treatment method
for patients with unilateral limbal stem cell deficiency.1

However, this procedure requires a large limbal graft from
the healthy eye (incurring a risk of limbal stem cell deficiency
in the healthy eye2) and cannot be applied for bilaterally af-
fected patients.3 Limbal allograft transplantation can be per-
formed in patients with unilateral or bilateral deficiencies,4

but the procedure requires long-term immunosuppression,
which involves high risks of serious eye and systemic com-
plications, including infection and liver and kidney dysfunc-
tion. Moreover, in patients with Stevens–Johnson syndrome
or ocular pemphigoid, graft failure is common even with
immunosuppression due to serious preoperative conditions,

such as persistent inflammation of the ocular surface, abnor-
mal epithelial differentiation of the ocular surface, severe dry
eye conditions, and lid-related abnormalities.5–7 To address
these problems, tissue-engineered oral mucosal epithelial cell
sheets have been successfully used to reconstruct eyes af-
fected with severe ocular surface disorders.8,9

The cell-processing center (CPC) is a clean room that serves
as an essential area for aseptic culturing or processing of hu-
man cells for regenerative medicine. Human cells are manip-
ulated in a biohazard cabinet of class 100, which indicates that
less than 100 particles larger than 0.5 mm are present in each
cubic foot of air space. All chemicals and samples are managed
using a barcode system, and all manufacturing procedures are
delivered and recorded by this procedure control system
together with such environmental monitoring data as air
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particles, temperature, humidity, and air pressure. Ad-
ditionally, workers in the CPC are required to wear dispos-
able dust-free garments to avoid contamination. Although
many hospitals require tissue-engineered epithelial cell
sheets for treatment, it is impossible for all hospitals to cover
the cost due to the high expense of a CPC. Therefore, many
hospitals should share one CPC to standardize and spread
regenerative therapy using tissue-engineered oral mucosal
epithelial cell sheets. In this work, we address the need for
the development of a cell transportation technique for
bridging many hospitals.

To the best of our knowledge, no previous reports exist on
a technique for cell transportation by means of an airplane
for clinical use. In this study, we developed a cell transpor-
tation technique for clinical study using tissue-engineered
human oral mucosal epithelial cell sheets.

Materials and Methods

Evaluation of the cell transportation container

We set three basic functions of transportation container for
clinical study: maintenance of temperature, air pressure, and
sterility. We believe that the three basic functions are suffi-
cient conditions, not necessary conditions. We actually de-
veloped the cell transportation container with the three basic
functions. And then, the interior temperature, pressure, and
sterility of the cell transportation container were evaluated
under a mimicked transportation environment.

We measured the temperature maintenance over time be-
tween 24�C and 26�C assuming both an ambient room tem-
perature between 3�C and 5�C and typical transportation
conditions in winter in Japan. The container was placed in an air-
conditioned room (23�C to 25�C) and a cold room (3�C to 5�C),
and the temperature maintenance over time was evaluated.

We investigated whether the interior pressure could be
maintained under an outside air pressure of 650 and 700 hPa.
To evaluate the interior pressure in the mimicked transpor-
tation environment, the sealing apparatus was exposed to
low pressure, between 650 and 700 hPa, for 24 h.

We assessed whether the packaging chamber could main-
tain sterility. To evaluate the sterility of the inner packaging
chamber, a liquid that included bacteria (Bacillus subtilis
ATCC6633: 1.2 · 105 CFU/mL; Eiken Chemical Co., Ltd.) was
spread onto the external sides of the outer packaging cham-
ber. The bacteria were attached to the external side of the
outer packaging chamber by a piece of paper with the liquid
containing bacteria, and culture dishes within the packaging
chamber were cultured for 1 day at 37�C. After the chamber
was opened through aseptic operation in a biological safety
cabinet, the outer and inner packaging chamber and culture
dish were soaked and cultured in the soybean casein digest
medium (SCD) to culture the attached Bacillus subtilis for 1
day. After culture, the existence of bacteria in each apparatus
was determined according to whether the SCD medium was
contaminated.

Culture and transportation of a rabbit oral mucosal
epithelial cell sheet

A New Zealand white rabbit (2.0 kg) was sacrificed with
an overdose of anesthetic agent (pentobarbital), and buccal
mucosal epithelial tissue was harvested. Oral mucosal epi-

thelial cells were collected by removing all epithelial layers
after treatment with dispase II (2.4 U/mL, Invitrogen) at 4�C
for 4 h. The separated epithelial layers were treated with
trypsin-EDTA (Invitrogen), and the resuspended cells were
plated on temperature-responsive 3.5-cm culture dishes
(CellSeed) at an initial cell density of 4.0 · 105 cells/dish with
feeder cells.1 For the feeder layers, 3T3J2 cells were lethally
irradiated with 60 Gly and subsequently seeded onto tissue
culture dishes at a density of 2.7 · 104 cells/cm2. The cells
were cultured for 14 days.

We transported the tissue-engineered rabbit oral mucosal
epithelial cell sheets between the Osaka University and To-
hoku University via an airplane, a distance of *650 km. The
cell sheets were carried by airplane, train, and walking. In
the airplane, the container was brought into the cabin and
tied down in a seat. An application was submitted to the
airline company to allow the container on board. X-ray in-
spection was avoided, and the inside of the container was
checked by visual examination at the airport. The duration of
transportation was 5 h.

Before transportation, a heat storage material was pre-
warmed in an incubator at 37�C and was held for 3 days in
the incubator to stabilize its temperature. The cell container
was prewarmed with spare heat storage material for 5 h
before examination. Then, the heat storage material for pre-
warming was substituted with new material, and the tem-
perature change was measured with a temperature/pressure
recorder (T&D Corporation). The recorder measured tem-
perature and pressure at 1-min intervals.

Four kinds of transportation liquid were checked for rabbit
cell sheet: keratinocyte culture medium (KCM),10 KCM minus
fetal bovine serum (FBS), and epidermal growth factor (EGF),
DMEM/F12 (3:1), and Hanks’ Balanced Salt Solutions (HBSS;
Gibco). The dishes were placed in the packaging chamber in a
safety cabinet under aseptic conditions. Four packaging con-
tainers each containing four culture dishes and a temperature/
pressure recorder were rapidly packed into a prewarmed
sealing apparatus and a cell transportation container. Leakage
of medium was also evaluated.

Culture and transportation of a human oral
mucosal epithelial cell sheet

Human oral mucosal epithelial tissues were obtained from
healthy volunteers, and a tissue-engineered human oral
mucosal epithelial cell sheet was fabricated. pH measure-
ment and real-time PCR were conducted using cell sheets
from one volunteer. Other evaluations were performed using
cell sheets from two independent volunteers. The cells were
cultured for 14 days.

The tissue-engineered human oral mucosal epithelial cell
sheets were transported between the Osaka University and
Tohoku University via an airplane in the same manner as the
rabbit oral mucosal epithelial cells. HBSS (Gibco) was used as
the transportation liquid, and the duration of transportation
was 12 h. pH of transportation liquid was checked using pH
meter (Horiba).

Validation of the cell sheet before
and after transportation

Validation of the cell sheet was performed as reported.11

The cell morphology, cell recovery, viability, and purity were
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evaluated for the rabbit oral mucosal epithelial cell sheets.
All of the following items were also evaluated for the human
cell sheets using the identical methods for clinical study.

Cell morphology. Cultured epithelial cells were observed
under a phase-contrast microscope, and microphotographs
were taken at 100-fold magnification (Axiovert40; Carl
Zeiss) to examine the cell morphological aberrations and
deficits.

Sheet recovery test. After examination with phase-
contrast microscopy, the cultured epithelial cells were sub-
jected to incubation at 20�C for 30 min. Next, a donut-shaped
support membrane (18-mm outer diameter, 10-mm inner
diameter, polyvinylidene difluoride; Millipore) was placed
on the epithelial cells. Finally, the cells were challenged
through harvesting in the presence of support membranes.
The harvested epithelial cell sheets were divided into two
equal groups. One group was subjected to flow cytometry,
and the other group was subjected to histological analyses.

Cell viability and epithelial cell purity. Cell viability was
evaluated with a dye exclusion test. An aliquot of cell sus-
pension was incubated in the DMEM with 7-aminoactino-
mycin D (7¢AAD; BD Biosciences) staining at room
temperature for 10 min and subjected to flow cytometry
(FACS Calibur, BD).

After trypsin-EDTA treatment, an aliquot of the cell sus-
pension was centrifuged, fixed, and permeabilized with the
Cytofix/Cytoperm kit (BD Biosciences) according to the
manufacturer’s protocol. Next, the cell suspension was split
into two tubes and incubated with either a FITC-conjugated
anti-pancytokeratin IgG2a antibody (clone Pan1–8; Progen)
or a FITC-conjugated mouse control IgG2a antibody (Santa
Cruz Biotechnology) at room temperature for 60 min. After
washing twice with PBS, the nuclei were stained with 7¢AAD
and the cells were examined by flow cytometry.

Hematoxylin and eosin staining and immunofluorescence
analyses. The portion of cell sheets for histological analy-
ses was divided into two quadrants. One quadrant was fixed
with formalin and embedded in paraffin. Hematoxylin and
eosin staining was performed to observe the morphology
and degree of stratification of the cultured epithelial cells.
Microphotographs were taken with a light microscope (BZ-
9000; Keyence).

The other quadrant of cell sheets was embedded in Tissue-
Tek� O.C.T.� compound (Sakura Seiki), and processed into
10-mm-thick frozen sections. Cryosections from the cell sheets
were immunostained with monoclonal antibodies against
keratin 3/76 (K3/76, AE5; Progen), p63 (4A4; Santa Cruz Bio-
technology), ZO-1 (1A12; Zymed), and MUC16 (Ov185; Ab-
cam) followed by incubation with Alexa488-labeled secondary
antibodies (Molecular Probes). The nuclei were costained with
Hoechst 33342 (Sigma), and the cell sheets were mounted with
PermaFluor (Beckman Coulter). Slides were observed using a
confocal laser scanning microscope (LSM-710; Carl Zeiss). The
same concentration of a corresponding normal nonspecific
IgG was used as a negative control.

Quantitative reverse transcription-polymerase chain reac-
tion. Total RNA was extracted from three cell sheets before

and after transportation cells using ISOGEN reagent (Nip-
pon Gene). Complementary DNAs were synthesized using a
SuperScript III first-strand synthesis system (Invitrogen) ac-
cording to the manufacturer’s protocol. Primers and TaqMan
probe mixtures were purchased from Life Technologies.
Quantitative PCR was carried out using a 7500 Fast Real-
Time PCR System (Life Technologies). Data were normalized
to glyceraldehyde 3-phosphate dehydrogenase expression.

Sterility test and screening for endotoxin
and mycoplasma in the cell sheet before
and 12 h after transportation

Sterility testing and screening for endotoxin and myco-
plasma contaminants were performed on the human oral
mucosal epithelial cell sheets. The tests were performed on
the media used in the epithelial cell cultures before trans-
portation and the transportation media were used for the cell
sheets after transportation.

Sterility testing was performed using two methods. First, a
commercial colorimetric assay system was applied, namely,
the BacT/ALERT 3D system from bioMerieux. This method
used cultured media and a 7-day incubation at 37�C for a
short testing period. The other method used direct inocula-
tion using two types of media for the detection of bacterial
and fungal contaminants. A tryptone soya broth and the
thioglycollate medium were incubated at 32�C and 25�C,
respectively, for 14 days.

Endotoxin detection was determined through the Limulus
ES-II Single Test WAKO on a Toxinometer ET-301 (WAKO
Chemical Co.). Mycoplasma detection was evaluated by a two-
stage nested PCR assay with first- and second-step primers.
The DNA was extracted with the QIAamp DNA Mini Kit
(QIAGEN) according to the manufacturer’s instructions. The
PCR reaction ran at 94�C for 30 s for denaturing, at 55�C for

FIG. 1. Cross-sectional view of a cell transportation con-
tainer for cell sheets consisting of an incubation vessel for
temperature, a sealing apparatus for air pressure, and four
packaging chambers for sterility. Bottles with heat storage
material are set inside the incubation vessel. Color images
available online at www.liebertpub.com/tec
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2 min for annealing, and at 72�C for 1 min for extension for 30
cycles on a TGeneAmp PCR system 9700 (Applied Biosystems).

This study was conducted with the approval of the insti-
tutional review board of Osaka University Graduate School
of Medicine and Tohoku University School of Medicine.

Results

Specifications of the cell transportation container

We developed a cell transportation container that consists
of three parts: an incubation vessel for temperature, a sealing
apparatus for air pressure, and packaging chambers for
sterility (Fig. 1). The incubation vessel was composed of a

vacuum vessel and heat storage materials (Fig. 2). The vac-
uum vessel functions to maintain the stability of the inside
temperature, and the heat storage material maintains the
temperature near the melting point. The sealing apparatus
can accommodate four packaging chambers with culture
dishes and a temperature/air pressure recorder (Fig. 3). The
packaging chamber is designed to maintain the inside ste-
rility, and the culture dish is doubly packed in the inner and
outer packaging chambers (Fig. 4). The bottom of a 3.5-cm
dish without a lid can be sealed tightly using silicon rubber
on the lid of the inner packaging chamber. It was assumed
that the packing of the 3.5-cm dish was performed in a bi-
ological safety cabinet in the CPC. Therefore, the packaging

FIG. 3. Sealing apparatus
for maintaining constant in-
ner pressure. (15 cm in diam-
eter at the top, 5 cm in height,
780 g in weight): (a) cross-
sectional view of sealing ap-
paratus, (b) appearance, (c)
unpacked state of the appa-
ratus. Color images available
online at www.liebertpub
.com/tec

FIG. 2. Incubation container
vessel for maintenance of the
inner temperature at 35�C
(20 cm in diameter at the top,
30 cm in height, 8 kg in
weight): (a) appearance, (b)
inner lid of incubator vessel,
(c) interior portion of incuba-
tor vessel, (d) case of heat
storage material; nine bottles
with heat storage material are
placed within the container.
Color images available online
at www.liebertpub.com/tec
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chamber was constructed of material that can be sterilized by
ethylene oxide gas.

Although X-ray examination is essential for all cargo car-
ried by airplane, X-ray exposure must be avoided in this
experiment because the cell chromosomes can be damaged

by exposure to X-rays. In the airports, unveiling of the cell
transportation container and displaying the contents to an
examiner was carried out instead of X-ray examination. For
this purpose, we used transparent packaging chambers and a
transparent lid for the packing chamber.

FIG. 5. Tissue-engineered
rabbit oral mucosal epithelial
cell sheets before and 5 h after
transportation. Examination
of cell morphology was per-
formed using phase-contrast
microscopy: (a) cell sheet be-
fore transportation, (b) cell
sheet after transportation
with KCM, (c) cell sheet after
transportation with KCM
minus fetal bovine serum and
epidermal growth factor, (d)
cell sheet after transportation
with DMEM/F12, (e) cell
sheet after transportation
with HBSS. Scale bars:
100mm. HBSS, Hanks’ bal-
anced salt solution; KCM,
keratinocyte culture medium.

FIG. 4. Packaging chamber for maintenance of inner sterility. (5.2 cm in diameter at the top, 1.8 cm in height, 27 g in weight):
(a) cross-sectional view of packaging chamber; the culture dish is doubly packed in the inner and outer packaging chambers,
(b) 3.5-cm dish, (c) bottom of the 3.5-cm dish placed in the inner packaging chamber, (d) inner packaging chamber placed in
the outer packaging chamber, (e) appearance of a packaging chamber containing a culture dish and cell sheet. Color images
available online at www.liebertpub.com/tec
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For temperature maintenance, this container was designed
to carry tissue-engineered oral mucosal epithelial cell sheets
on temperature-responsive culture surfaces. Cell sheets at-
tached to the surfaces are spontaneously detached by re-
ducing the temperature to below 32�C due to the phase
transition change of the temperature-responsive polymer
from a hydrophobic to hydrophilic state.12,13 When the cell
sheets are transported at temperatures under 32�C, they
detach from the surface and float in the culture medium.
Floating cell sheets can be damaged during air transporta-
tion14 because the container can be shaken and tilted during
flight. However, temperatures higher than 37�C (e.g., 42�C)
can cause apoptosis due to heat shock. Therefore, we
chose an inner temperature for transportation between 32�C
and 37�C.

For the heat storage material in this container, we chose N-
eicosane, a pure hydrocarbon material with a melting tem-
perature of 36.4�C. Because the heat storage material was
prewarmed at 37�C before use, the heat storage material in
the liquid state decreased its temperature gradually and was
held at 36.4�C. Using this characteristic of the heat storage
material, the inner temperature was maintained near 35�C
during transportation.

The outside pressure can be reduced to *800 hPa in the
airplane cabin. Thus, the sealing apparatus acts to main-
tain the inner air pressure as a constant. An O-ring is in-
stalled between the lid and bottom of the container. If the
lid and bottom are tightly pinched, the inner air pressure is
maintained independently of the outer air pressure. Ad-
ditionally, the recorder inside the sealing apparatus can
monitor the temperature and air pressure during trans-
portation. For sterility, we chose to pack the culture dish
with an inner and outer packaging chamber as a double
structure.

Evaluation of the cell transportation container

The cell transportation container’s ability to maintain the
inner temperature was evaluated. When the container was
placed in an air-conditioned room (23�C to 26�C), the inner
temperature declined to below 34.0�C after 61.3 – 0.2 h (n = 3).
There was little change in the inner temperature with the
change in the outer temperature. In the cold room (3–5�C),
the inner temperature was maintained at over 35�C for
24.1 – 0.1 h (n = 3).

The inside pressure change in the sealing apparatus was
also measured. When the sealing apparatus was exposed to
low pressure (between 650 and 700 hPa), the inner pressure
of the sealing apparatus was maintained between 950 and
1050 hPa over 24 h (n = 4), and the culture medium in the
culture dishes did not leak.

For sterility, the culture dishes in the packaging chamber
were cultured for 1 day in an incubator at 37�C after at-
tachment of the bacteria, and each component was cultured
in the SCD medium for 1 day. Biological contamination was
observed in the outer packaging chambers in all experiments
(n = 9). However, no biological contamination was observed
in the inner packaging chambers and culture dishes (n = 9).
As a control, each component was also evaluated directly
after ethylene oxide gas sterilization, and no biological con-
tamination was observed in the SCD medium (n = 3). The
SCD medium injected with bacterial liquid showed biologi-
cal contamination in all experiments (n = 3). Therefore, it was
concluded that the packaging chambers are able to maintain
the sterility of the culture dishes.

Transportation of rabbit tissue-engineered oral
mucosal epithelial cell sheet using airplane

Rabbit oral mucosal epithelial cell sheets were successfully
fabricated, and the cell morphology is shown in Figure 5.
Leakage of the transportation liquid was not observed. The cell
morphologies of the cell sheets after transportation with four
types of transportation media were similar to the cell
morphologies before transportation. In other words, small basal
cells with a high nucleus/cytoplasm ratio were observed under
a phase-contrast microscope. All the cell sheets were harvested

FIG. 6. Temperature and air pressure changes in the inner
container during transportation using airplane: (a) tempera-
ture inside (red line) and outside (blue line) the sealing ap-
paratus, (b) air pressure inside (red line) and outside (blue
line) the sealing apparatus. Color images available online at
www.liebertpub.com/tec

Table 1. Results of Validation for Tissue-Engineered Human Oral Mucosal Epithelial Cell Sheets

Transportation Phase contrast Cell sheet recovery Viability Purity Stratification K3/76 p63 ZO-1 MUC16

Sheet1 Before Normal Possible 76.6 93.7 Normal 2–4 layers + + + +
After Normal Possible 75.3 93.1 Normal 2–4 layers + + + +

Sheet2 Before Normal Possible 67.3 95.5 Normal 2–4 layers + + + +
After Normal Possible 79.2 82.7 Normal 2–4 layers + + + +
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through temperature reduction before and after transportation.
The cell viability was 82.3% before transportation, and after
transportation, the cell viability was 89.9% with KCM, 93.8%
with KCM minus FBS and EGF, 87.1% with DMEM/F12, and
90.7% with HBSS. The epithelial cell purity was 95.8% before
transportation, and after transportation, the epithelial cell pu-
rity was 97.7% with KCM, 98.0% with KCM minus FBS and
EGF, 96.2% with DMEM/F12, and 97.2% with HBSS.

Transportation of human tissue-engineered oral
mucosal epithelial cell sheet using airplane

The changes in temperature and air pressure during
transportation are presented in Figure 6. Although the out-
side temperature changed, the inside temperature was stable
and remained above 32�C. Additionally, the outside air

pressure fell below 800 hPa in the cabin, but the inside
pressure was constant. The air pressure changes were all
within 10 hPa. The pH of transportation liquid was 7.61 be-
fore transportation and 7.18 after transportation.

The results of validation for the tissue-engineered human
oral mucosal epithelial dell sheets are summarized in Table 1.
Human oral mucosal epithelial cell sheets were successfully
cultured, and the cell morphologies after transportation were
equivalent to those before transportation (Fig. 7a, b). Ad-
ditionally, all of the cell sheets were successfully harvested
before and after transportation by reducing the temperature
to 20�C for 30 min. Therefore, all of the cell sheets passed the
recovery test. The harvested cell sheets before and 12 h after
transportation were composed of two to four layers of small
basal cells, flattened middle cells, and polygonal flattened
superficial cells (Fig. 7c, d).

FIG. 7. Tissue-engineered
human oral mucosal epithe-
lial cell sheets before and
12 h after transportation.
Examination of cell morphol-
ogy was performed using
phase-contrast microscopy
(a, b) and hematoxylin and
eosin staining (c, d). Scale
bars: 100 mm (a, b), 50 mm
(c, d).

FIG. 8. Immunohistochemical an-
alyses of tissue-engineered human
oral mucosal epithelial cell sheets
before and 12 h after transportation.
Human oral mucosal epithelial cell
sheets were stained with anti-kera-
tin 3/76 (K3/76), anti-p63 (K12),
anti-ZO-1 (ZO-1), and anti-musin16
(MUC-16) antibodies. Nuclei were
costained with Hoechst 33342. Scale
bars: 50mm.
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The immunofluorescence analyses revealed that the cell
sheets displayed similar marker expression patterns before
and after transportation (Fig. 8). A marker for corneal and
oral mucosal differentiated epithelial cells, K3/76,15 was
positive in both sheets, and p63, which has been proposed as
a corneal epithelial stem/progenitor cell marker,16 was ex-
pressed in the basal cells of both sheets. Additionally, ZO-1,
a marker of tight junctions and MUC 16, a membrane-
associated mucin specific to ocular surfaces, were expressed
in both sheets. However, the expression of ZO-1 in the cell
sheet after transportation was slightly weaker than that be-
fore transportation.

The cell viability was 72.0% before transportation and
77.3% after transportation. The epithelial purity was 94.6%
before transportation and 87.9% after transportation.

Real-time RT-PCR confirmed that there was no significant
effect on delta-N p63 expression by transportation of cell
sheets (Fig. 9).

All cell sheets were free from growth of microbial contam-
inants under a phase-contrast microscope, and the sterility
tests and screening for endotoxin and mycoplasma of the cell
sheet before and 12 h after transportation were negative.

Discussion

We have previously developed a portable homothermal
container designed for transportation through a land route
for cell sheets fabricated on temperature-responsive culture
surfaces.14 With this container, we demonstrated that rat fi-
broblast cell sheets cultured on temperature-responsive sur-
faces could be transported by car over a period of 8 h.
Although maintenance of sterility is a crucial function for
transportation containers intended for clinical studies, the
previously developed container did not contain a function
that provided for the sealing of culture dishes. Thus, the
sealing of the culture dishes was incomplete, and culture
medium leaked easily during transportation. Although air
transportation is the fastest mode of travel and can be used
for long-distance transportation (including international
travel), the previous container could be not used for trans-
portation using the airplane. Therefore, the previously de-
veloped container was not suitable for transportation of
products for regenerative medicine.

Containers for transportation of blood or corneas have
been already reported.17,18 These vessels can be sealed tightly
by a screw structure in the lids and bodies of the containers
or sealed in plastic bags. Therefore, the medium did not leak
due to perturbation or decreased pressure during transpor-
tation. Our newly developed transportation container con-
tains a sealing apparatus that can maintain the inside air seal
even under decreased air pressure. Moreover, the arrange-
ment in which the culture dishes were placed in packaging
chambers eliminated the influence of perturbation during
transportation. Thus, medium leakage was avoided due to
the sealing apparatus and packaging chambers. For main-
tenance of sterility, the culture dishes were doubly wrapped
in the packaging chambers. Contamination did not occur
during transportation, which suggested that sterility was
maintained during transportation.

A common problem of the present container is that it lacks
the function of supplying O2 and CO2. Oxygen was not
supplied for over 12 h of transportation, but the cell sheets
did not display any damage. In addition, change of pH was
within 0.5. However, the container design should be im-
proved for other types of cells that require more oxygen.

It is believed that the transport liquid is also important in
successful transportation techniques. The tissue-engineered
human oral mucosal epithelial cell sheet will be classified as
a medical device under the Pharmaceutical Affairs Act in
the near future. From this perspective, a transport liquid
without serum or growth factor is ideal because the changes
in the cell sheet after shipment from the CPC should be
minimized. Because experiments with rabbit cell sheets
proved that HBSS is sufficient for use as the transportation
liquid, we used HBSS for the human cell sheets. HBSS is a
relatively simple buffered solution that provides cells with
water and certain bulk inorganic ions as well as the car-
bohydrates and glucose essential for cell metabolism. HBSS
does not contain any growth factors. Therefore, we believe
that HBSS is sufficient for use as the transport liquid base in
our current study.

We also succeeded in transporting tissue-engineered oral
mucosal epithelial cell sheets using airplane. The inner tem-
perature and air pressure of the container were kept stable
during transportation. We evaluated the cell sheets using our

FIG. 9. Gene expression analyses of tissue-engineered human oral mucosal epithelial cell sheets before and 12 h after
transportation. Real-time RT-PCR showed that the difference of the expression of delta-N p63, Keratin14, Keratin15, MUC16,
and ZO-1 before and after transportation was not statistically significant. The graph showed the mean – S.E. of three samples,
respectively. N.S., not significant. (paired t-test).
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validation method11 and obtained positive results. The ste-
rility tests and screening for endotoxin and mycoplasma of
the cell sheet inside the container were all negative even after
transportation. Thus, it was strongly suggested that the oral
mucosal epithelial cell sheets could be successfully used for
ocular reconstruction in a clinical study 12 h after transpor-
tation. These results also indicate that we can carry cell
sheets to locations far from the CPC, that is, other countries,
and can also treat a large number of patients.

The organ-cultured cornea is a well-documented product
concerning the microbiological safety and quality of the tis-
sue.19,20 The stage of donor corneas in organ culture is up to
4–5 weeks, and the cornea can be transported to the hospital
that requires the cornea. However, a preservation technique
for cell sheets has not been established as yet. Therefore,
immediate transportation after fabrication of cell sheets is
required for clinical application. Tauber et al. reported pre-
cise temperature control of donor cornea tissue with a re-
usable thermal container.21 This newly developed device
maintained steady acceptable air temperatures compared to
conventional polystyrene containers with wet ice. Although
this is a move forward in transportation methods for the
donor cornea, only temperature stability was evaluated in
the article. On the other hand, we not only developed a
transportation container, but also proved that cell sheets can
be safely transported using it.

Wright et al. recently reported an efficient transport/storage
system for corneal epithelial cells using a structurally modified
calcium alginate hydrogel.22 They demonstrated that control-
ling the alginate gel shape and pore size together provides a
more practical and economical alternative to established cor-
neal tissue/cell storage methods. However, they demonstrated
that the suspended corneal epithelial cells could be stored or
transported, whereas our method indicates that the final
product for treatment, that is, tissue-engineered cell sheets, can
be safely transported. If suspended cells are carried to the in-
stitute for surgery, the institute still requires a CPC to produce
the final product for treatment.

We are conducting a multicenter clinical study using the
transportation technique described in this article (Fig. 10). In

this clinical study, we will take oral mucosal epithelial tissues
from patients in institute 1 and transport them to institute 2.
At institute 2, a cell sheet will be fabricated in the CPC. Next,
the cell sheet will be sent back to institute 1 for transplanta-
tion. We will culture oral mucosal epithelial cells from two
other institutes in the Osaka University. Culturing at a single
CPC enables better control of the quality of the tissue-
engineered human oral mucosal epithelial cell sheets. If this
effort is successful, we will be able to treat many patients in
many hospitals all over the world without the need for a CPC.

In conclusion, we developed a cell container that can
maintain the inner temperature and pressure without the
risk of biological contamination. Regenerative medicine for
the corneal epithelium is one of the fields in which clinical
application has progressed rapidly and has led to the need
for and development of transportation techniques. We be-
lieve that the newly developed transportation technique
for air travel is an essential technology for regenerative
medicine and promotes the standardization and spread of
regenerative therapies.
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