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Abstract 

Background:  A biodegradable nonwoven fabric that can be used to extract adipose-
derived stem cells (ADSCs) from adipose tissue slices was developed, which were cul-
tured rapidly without enzymatic treatment. The extracted and cultured ADSCs remain 
on the nonwoven fabric and form a thick cell sheet. The aim was to use the thick cell 
sheet as a treatment by transplanting it into the living body. In addition, the expecta-
tion was that it will be possible to observe the cell sheet in the living body using X-ray 
computed tomography (CT) because the nonwoven fabric used to produce the cell 
sheet contains 50% (by weight) hydroxyapatite.

Results:  Thick cell sheets of ADSCs supported by two layers of nonwoven fabric were 
cut to size and transplanted into the cheeks of rats. No health damage was observed 
in the rats in which the cell sheets were implanted, except for one in which the surgery 
appeared to have failed. X-ray CT imaging showed that the fabric of the implanted cell 
sheet biodegraded over 12 weeks. Changes in the position, shape, and size of the cell 
sheet within the rat’s body were tracked by X-ray CT. The thick cell sheets, which 
can be easily produced by simply seeding tissue slices, can be cut into appropriate 
shapes and transplanted safely, and it was confirmed that they slowly biodegraded 
when transplanted into the rats’ bodies.

Conclusions:  We demonstrated not only that the thick ADSC sheets can be trans-
planted successfully into animals, but also that the transplanted sheets can be 
observed in vivo by X-ray CT, which also allows changes in the ADSC sheets to be 
tracked. The results suggest that the biodegradable nonwoven fabric will be a use-
ful transplantation device to ensure cell engraftment throughout the affected area, 
and facilitate monitoring of the transplant’s subsequent status. We expect that this 
transplantation device will promote the development of regenerative therapy.

Keywords:  Cell culture scaffold, Fiber structure, Transplantation device, PLGA

*Correspondence:   
sunami@med.u-ryukyu.ac.jp

1 Faculty of Medicine, University 
of the Ryukyus, Nishihara‑cho, 
Japan
2 Graduate School of Medicine, 
University of the Ryukyus, 
Nishihara‑cho, Japan
3 University of the Ryukyus 
Hospital, Nishihara‑cho, Japan
4 ORTHOREBIRTH Co., Ltd., 
Yokohama, Japan

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-024-01324-x&domain=pdf


Page 2 of 18Sunami et al. BioMedical Engineering OnLine          (2024) 23:133 

Introduction
Cell therapy, in which adipose-derived stem cells (ADSCs) are transplanted into the 
whole body or affected areas, is being actively implemented [1]. In ADSC therapy, trans-
plantation of ADSCs as a cell suspension and as a cell sheet are both being actively stud-
ied. However, as will be described later, this cell therapy is subject to problems, including 
the high cost of cell preparation [2–4], difficulty in treating large affected areas [1, 4–6], 
and difficulty in engrafting cells into the affected area for a long period of time [7–13]. 
To solve these problems, we developed our own adipose-derived stem cell sheet (ADSC 
sheet), and aim to use it in clinical applications [4].

A biodegradable nonwoven fabric was used to fabricate the ADSC sheet. Nonwoven 
fabrics made from biodegradable polymers, or nonwoven fabrics made from biopoly-
mers, are biodegradable and decompose slowly in a living body. Therefore, the suitabil-
ity of biodegradable nonwoven fabrics as a scaffold for transplantation into living body 
organisms has been studied for a long time [4, 14–26, 44]. Such fabrics have been trans-
planted directly into animals [18, 20–23], or after seeding with cells in vitro to gener-
ate a cell sheet [14, 19, 24–26, 44]. Although non-biodegradable nonwoven fabrics have 
also been studied extensively, they are used mainly to develop three-dimensional culture 
techniques in  vitro [27–33]. Studies show that ADSCs can be extracted from adipose 
tissue using a non-biodegradable nonwoven fabric [34, 35]; indeed, we extracted ADSCs 
successfully from adipose tissue using biodegradable nonwoven fabric, followed by cul-
ture to generate and ADSC sheets [4]. This technique involves extracting ADSCs from 
adipose tissue slices and rapidly culturing them without enzymatic treatment using a 
biodegradable nonwoven fabric. A critical feature of this system is that the fabric is made 
from materials already approved for use in medical devices: a biodegradable polymer 
poly(lactic-co-glycolic acid) (PLGA), and hydroxyapatite (HAp). This nonwoven fabric 
has a high affinity for adipose tissue and ADSCs, and can be used as a scaffold to quickly 
produce large numbers of ADSCs within a small volume. The high anisotropy of the fib-
ers in the nonwoven fabric facilitates rapid extraction and proliferation of ADSCs [4]. In 
addition, the density of ADSCs increases more rapidly if they are extracted from adipose 
tissue slices and cultured on the nonwoven fabric in a culture vessel to which the cells 
do not adhere strongly [4]. The term “Extraction” rather than “Separation” is used in this 
study because the ADSCs on a nonwoven fabric are not separated from a cell popula-
tion; rather, they are extracted from the tissue by the nonwoven fabric.

The new system was developed to solve three problems faced in the use of ADSCs in 
regenerative medicine. The first is that production of ADSCs is costly [2–4]. The second 
is the difficulty in filling a tissue volume with cells when the affected part is deformed 
or large [1, 4–6]. The third is the difficulty in ensuring that injected cells are targeted 
accurately and remain viable for long periods of time [7–13]. These challenges are rel-
evant to a variety of therapies, and must be addressed for regenerative medicine to be 
successfully implemented. The system described above is expected to address these 
three problems. The cost of producing ADSCs from adipose tissue can be significantly 
reduced using a nonwoven fabric to eliminate the need for the enzymatic treatment typi-
cally used to disperse adipose tissue, and the need for passaging the cells. Use of the 
nonwoven fabric also reduces the space required for cell culture. In addition, if the non-
woven fabric is used as a filler for large anatomical regions of variable shape, it might be 
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possible to fill the affected areas. Finally, ADSC sheets growing on the nonwoven fabric 
are expected to engraft readily after transplantation and to remain in the vicinity of the 
affected areas for long periods of time because the ADSCs adhere firmly to the scaf-
fold at the time of transplantation. Although there have been previous reports of adipose 
tissue slices with ADSCs seeded onto nonwoven fabric [34, 35], the material used here 
can be implanted directly into tissue in vivo because it consists entirely of biodegradable 
polymers approved for medical devices. Here, we aim to use ADSC sheets fabricated 
using the new system for the cell sheet transplants. For this purpose, it is necessary to 
transplant the cell sheet into animals and test whether any problems occur.

In this study, we succeeded in fabricating ADSC sheets by seeding and culturing adi-
pose tissue slices between two layers of nonwoven fabric, and demonstrate that these 
ADSC sheets can be successfully transplanted into rats. We cut the cell sheet to a size 
and shape appropriate for the affected area at the time of transplantation. Moreover, we 
also tracked in vivo changes in the transplanted sheet using X-ray computed tomogra-
phy (CT). Through these methods, we will evaluate the effectiveness of adjusting the 
size and shape of the cell sheet according to the size and shape of the affected area, as 
well as the ability to accurately engraft therapeutic cells to the affected area and retain 
them there for a long period of time. Furthermore, we confirmed biodegradation of the 
implanted fabric and the safety of the procedure. We would like to use the sheet not only 
for ADSCs, but also for other cell types for regenerative therapy, and we therefore also 
investigated the fabrication of sheets of various cell types by inducing differentiation of 
ADSCs in the ADSC sheet into other cell types.

Results and discussion
Observation, analysis, and evaluation of the structure of the nonwoven fabric

The structure of the nonwoven fabric (23-mm diameter, Type A) (ORTHOREBIRTH, 
Japan) used in this study and the results of confocal laser scanning microscopy (CLSM) 
observations, image analysis, and structural parameter evaluation are described else-
where [4]. An important characteristic of this nonwoven fabric is the high anisotropy 
that results from the alignment of its fibers, which facilitates rapid extraction and prolif-
eration of ADSCs [4]. In the present study, a digital camera (Fig. 1a) and field emission-
type scanning electron microscopy (FE-SEM) images (Fig.  1b) showed that the fibers 
were largely aligned throughout the fabric. Furthermore, observation of the FE-SEM 

Fig. 1  Structure of the nonwoven fabric (23-mm diameter, Type A). a Digital camera image of the nonwoven 
fabric, b field emission-type scanning electron microscopy images of the nonwoven fabric
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images (Fig. 1b) revealed that the fiber surfaces of the nonwoven fabric had irregulari-
ties of 1–2  μm, and that small pores with a diameter of 500  nm or less were present 
at intervals. After culturing, scanning electron microscopy (SEM) images were obtained 
and confirmed that the size of the small pores on the fiber surface had increased (Fig. 2). 
To assess changes in size, FE-SEM images of nonwoven fabric fibers before cell culture 
(Additional file 1: Fig. S3a, b) were compared with those after cell culture (Additional 
file 1: Fig. S3c, d). The pore area, pore ratio, and pore density on the surface of the fab-
ric were determined to examine any significant differences between the values obtained 
before and after cell culture. The data revealed that the pore area after cell culture was 
greater than that before cell culture (Fig. 2c). In addition, the pore ratio after cell culture 
was higher than that before cell culture (Fig. 2d). By contrast, there was no significant 
difference in pore density (Fig. 2e). These results suggest that the use of nonwoven fab-
rics for cell culture results in both an increase in the size and proportion of pores on the 
fiber surface; however, the number of pores does not increase. We considered that these 
changes are the result of fiber decomposition. 

There were small pores on the fiber surface after culture, and granule-like substances 
were visible inside the pores (Fig. 2a). We speculate that the granular substances con-
tain hydroxyapatite because when fibers were generated without hydroxyapatite, these 

Fig. 2  SEM images of the nonwoven fabric fibers used for cell culture. a Magnified SEM image of the fiber 
surface. b SEM image of the fibers, along with the cross-sectional surface. To observe the surface of the 
nonwoven fabric, areas without cells were selected and imaged. The fine granules present in both SEM 
images are thought to be hydroxyapatite particles that were uniformly distributed within the fibers. Yellow 
arrows indicate the cross section. White arrows indicate cell protrusions. c Comparison of the pore area before 
and after cell culture. d Pore ratio after cell culture compared with that before cell culture. e Pore density after 
cell culture compared with that before cell culture
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granules did not appear (data not shown). In the future, elemental mapping of the sur-
face will be conducted using SEM–EDX to clarify whether the granules inside the pores 
contain highly concentrated hydroxyapatite. We also speculate that the small pore struc-
ture of the fibers greatly influences the decomposition rate of the nonwoven fabric.

Differentiation of ADSCs into vascular endothelial cells, chondrocytes, and adipocytes

After seeding (Fig. 3) and culturing the adipose tissue slices in ADSC–GM (Lonza, USA) 
for 3 or 40 days, ADSCs were extracted from the slices and induced to differentiate into 
vascular endothelial cells (Fig. 4a), chondrocytes (Fig. 4b), or adipocytes (Fig. 4c) dur-
ing culture on the nonwoven fabric. CLSM images revealed expression of the molec-
ular markers von Willebrand factor (vWF) for vascular endothelial cells, aggrecan for 

Top view

Upper
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The orientation directions of the
fibers of the upper and lower
nonwoven fabrics are the same

Side view

Nonwoven fabric (Upper)

Nonwoven fabric (Lower)

Adipose tissue slices

Glass perforated plate 
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Fig. 3  Schematic illustration of adipose tissue slices seeded to nonwoven fabrics. The method for seeding 
the adipose tissue slices for extracting and culturing ADSCs on nonwoven fabric is represented. The straight 
lines drawn on the nonwoven fabric indicate the orientation of the fibers

Fig. 4  CLSM images of cell sheets differentiated from ADSCs cultured on nonwoven fabric. a Cell sheet 
induced to differentiate into vascular endothelial-like cells. Red indicates von Willebrand Factor (vWF). b Cell 
sheet induced to differentiate into chondrocyte-like cells. Yellow indicates aggrecan. c Cell sheet induced to 
differentiate into adipocyte-like cells. Pink indicates lipid droplets. Blue in a, b, and c indicates cell nuclei
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chondrocytes, and lipid droplets for adipocytes. These results indicated that uninter-
rupted differentiation of ADSCs can be achieved by culturing adipose tissue slices on 
the nonwoven fabric, and that there was no need for enzymatic treatment, extraction, or 
passaging of the cells. In a previous study, ADSCs were extracted and cultured from adi-
pose tissue seeded onto nonwoven fabric for 34 days, and flow cytometry analysis con-
firmed the high purity of the ADSCs [4]. In the present study, the majority of the cells 
extracted from adipose tissue slices and cultured on the nonwoven fabric were induced 
to differentiate into various types of cells, supporting that the cells extracted and cul-
tured from the adipose tissue slices were also highly pure ADSCs. Since the ADSCs dif-
ferentiated into vascular endothelial cell-like, chondrocyte-like, and adipocyte-like cells, 
it is assumed that they maintained multipotency. In future studies, we will perform west-
ern blotting and PCR analysis of marker proteins to further evaluate the differentiation 
state of ADSCs induced to differentiate. This type of cell sheet should improve the safety, 
quality, and cost performance of regenerative therapy for various organs and tissues. The 
endothelial cell sheets should be particularly useful because blood vessels are indispen-
sable for all organs and tissues.

ADSC sheets sandwiched between nonwoven fabrics and transplanted into rats

The ADSC sheets used for transplantation were cultured (Fig. 3) for 30 days for safety 
assessment tests, and for 24 days for X-ray CT observations. The difference in the cul-
ture period of the ADSC sheets between the two experiments is down to matters of con-
venience for the experimental facilities.

The nonwoven fabric-supported ADSC sheets were cut into 10-mm squares and 
transplanted into the left cheeks of three F344/N Jcl-rnu/rnu rats and three Wistar 
rats (Fig.  5a). The six rats were used to establish the transplantation procedure and 
post-transplantation housing method. At the same time, the toxicity and safety of post-
transplantation breeding were also studied. F344/N Jcl-rnu/rnu rats are athymic rats, 
and were used mainly as an immune-deficient model because they show a suppressed 
immune response, thereby allowing transplantation of human ADSC sheets. For com-
parison, the Wistar rats were used as controls for the F344/N Jcl-rnu/rnu rats, because 
Wister rats with normal immunity are used in a wide variety of studies for toxicity and 
safety testing.

Fig. 5  Transplantation of cell sheets into animals. a Two-layer ADSC sheet cut into a 10-mm square was 
transplanted into the left cheek of a Wistar rat. b Scanning electron microscopy image of an ADSC sheet 
prepared on the nonwoven fabric. The sample preparation and observation methods were the same as those 
in Fig. 2. c 3D X-ray CT image of a rat’s left face. The inhalation port for inhalation anesthesia was enlarged to 
accommodate growth of the rat (outer diameter = 2 cm before and 1 week after transplantation, and 3.4 cm 
after 12 weeks). Red arrows indicate cell sheets. d Segmentations of a 3D region of each X-ray CT image of 
the cell sheet supported by two layers of the nonwoven fabric. The X-ray CT images were captured for 
12 weeks. Only images from week 5 to week 11 were captured every other week. All others (from week 1 to 
week 5 and from week 11 to week 12) were captured every week. The segmented images are posterior views 
of one cell sheet transplanted into a F344/N Jcl-rnu/rnu rat. e Volume change of the transplanted cell sheets 
in F344/N Jcl-rnu/rnu rats, as estimated from CT images (n = 5). Statistical significance tests (Dunnett) were 
performed using week 1 as the control. Combinations showing a significant difference are marked by an 
asterisk. Statistical data and p values are presented in Additional file 1: Table S1

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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The ADSC sheets could be easily cut into 10-mm squares with scissors, and the cut 
ADSC sheets maintained their shape and did not collapse or wrinkle, even when pinched 
with tweezers (Fig.  5a). Moreover, their shape was maintained even when subcutane-
ously implanted, which supports their utility as a subcutaneous implantation device. 
One of the F344/N Jcl-rnu/rnu rats immediately began to accumulate fluid at the trans-
plant site and died 4 weeks later, which may have been the result of a problem during 
surgery, but could also have been due to the conventional experimental environment, 
rather than the use of a specific pathogen-free environment. The two remaining F344/N 
Jcl-rnu/rnu rats survived for 6 months after transplantation. One of the three Wistar rats 
survived for 6 months after transplantation, while the other two survived for more than 
18 months. Except for the one death, none of the rats developed abnormalities such as 
inflammation or deformities at the transplantation site. The two nude rats (F344/N Jcl-
rnu/rnu rats) transplanted with the human ADSCs sheet survived for 6 months, which is 
shorter than the natural lifespan of the rats; however, the conventional environment used 
for transplantation and rearing can be particularly harsh on nude rats, which in general 
have poor immune functions [36]. It is thought that safety is not an issue because the 
two nude rats survived for 6 month post-transplantation in such a harsh environment, 
with no adverse effects at the transplantation site. Furthermore, none of the Wister rats 
(which have normal immune functions) developed abnormalities at the transplantation 
site, and all survived for more than 6 months. Therefore, transplantation with the human 
ADSCs sheet exhibited no toxic effects and raised no safety concerns. The reason for 
transplanting and rearing the rats under conventional environmental conditions rather 
than under specific pathogen-free (SPF) conditions is that transplantation and X-ray CT 
scanning of ADSC sheets at the Institute for Animal Experiments of University of the 
Ryukyus can only be performed under conventional environmental conditions. Once 
rats are placed in the conventional environmental conditions for transplantation or 
X-ray CT scanning, they cannot be returned to the SPF conditions.

In addition, we transplanted ADSC sheets cut into 10-mm squares into five F344/N 
Jcl-rnu/rnu rats and evaluated changes in sheet volume using X-ray CT images. HAp 
mixed with the nonwoven fibers at a weight fraction of about 50% contributed greatly to 
image contrast enhancement. The fine granules in the left and right SEM images (Fig. 2) 

Fig. 5  continued
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are assumed to be hydroxyapatite particles, and it can be seen that they were uniformly 
distributed. SEM imaging of ADSC sheets showed that cells filled the spaces between 
fibers in the nonwoven fabric (Fig. 5b), indicating that the volume of the nonwoven fab-
ric on the X-ray CT images approximated that of the cell sheet. The X-ray CT images 
revealed the position and approximate shape of the cell sheet (Fig. 5c) after transplanta-
tion. In Fig. 5c, a 10-mm square sheet can be clearly seen on the left face of the rat after 
1 week, while the sheet is less visible after 12 weeks. To analyze cell sheet volume, a 3D 
region of the cell sheet supported by two nonwoven fabric layers was segmented from 
each X-ray CT image (Fig. 5d and Additional file 1: Fig. S1). Changes in the cell sheet 
volume in the X-ray CT images acquired from the 1st to 12th week after transplantation 
are shown in Fig. 5e. The cell sheet volumes after the 4th week were significantly lower 
than the first week, demonstrating that remarkable decomposition of the transplanted 
ADSC sheets had occurred between first week and 4th week after transplantation. The 
X-ray CT image volume of the transplanted sheet at the 12th week was less than 24% 
of that at the first week. We consider the 44 mm3 outer volume of the cell sheet before 
transplantation to be different from the 29 mm3 volume estimated from the CT image 
at the first week following transplantation, when there was very little biodegradation of 
the nonwoven fabric. This is because the nonwoven fabric used as the scaffold for the 
cell sheet has many voids, as shown in Fig. 1b and Fig. 2b, which result in the volume 
of the cell sheet obtained from the X-ray CT images being smaller than the outer vol-
ume. It should be noted that the cell sheet outer volume of 44 mm3 (0.44 × 10 × 10 mm) 
was calculated with reference to the average 0.22-mm thickness of the nonwoven fabric 
[4]. These results show that the position, shape, and volume changes of cell sheets fabri-
cated on nonwoven fabric containing 50% HAp by weight can be easily tracked by X-ray 
CT imaging after transplantation. The ability to track changes in these cell sheets in vivo 
after transplantation has the potential to greatly increase the efficiency of regenerative 
therapy research.

However, the nonwoven fabric supporting the cell sheet is a foreign substance; there-
fore, it is desirable that such artificial scaffolds disappear after treatment is completed. It 
is for this reason that biodegradable scaffolds are attracting a lot of attention. To make 
the most of this advantage, it would be appropriate to adjust the size of the scaffold so 
that it disappears at the end of treatment. We believe that cell sheets or biodegradable 
nonwoven fabrics observable by X-ray CT are extremely useful for optimizing the period 
of biodegradation in vivo.

In the future, we would like to remove the transplanted cell sheets to directly evaluate 
their volume and structure, as well as the cellular and extracellular matrix composition. 
If the transplanted sheets are removed from the body, and the actual volume is meas-
ured and compared with that calculated from the X-ray CT image, the correlation can be 
clarified. In future, we will be able to predict changes in the volume of the cell sheet from 
the X-ray CT images alone.

The cell sheets supported on this type of nonwoven fabric can range in size from that 
of a coin to an A4 sheet of paper [4], and can be shaped to fit the affected area, as shown 
in Fig. 5a. It is also possible to treat larger volumes by folding or rolling the sheets to 
increase thickness. We were also able to create softer nonwoven fabrics and nonwoven 
fabrics, which are easier to roll into a cylindrical shape, by adjusting only the spinning 
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method; no changes to the material composition were required (data not shown). In 
future, we would like to prepare nonwoven fabrics with appropriate stiffness for trans-
plantation at various sites. We are therefore confident that this nonwoven fabric will be 
useful in regenerative medicine as a device facilitating reliable placement and retention 
of stem cells for long periods throughout the affected area.

Conclusion
In this study, we report that ADSC sheets made by sandwiching adipose tissue slices 
between layers of biodegradable nonwoven fabric can be successfully transplanted into 
animals. To our knowledge, this is the first time that a cell sheet prepared by directly 
seeding tissue slices onto a scaffold has been transplanted into a living body. It was also 
confirmed that the cell sheet also has the great advantage that its state can be tracked 
in vivo using X-ray CT imaging. Moreover, we report that not only is it possible to eas-
ily extract and culture ADSC sheets on the nonwoven fabric, but that they can also be 
induced to undergo uninterrupted differentiation into sheets of vascular endothelial-, 
chondrocyte-, and adipocyte-like cells. It will be important to confirm the therapeutic 
effects of these cell sheets by transplanting them as stem or differentiated cells into vari-
ous tissues and animal models of disease. We have also formed cell sheets by seeding 
and culturing many other types of cells and tissues on this nonwoven fabric, and plan to 
evaluate their use in regenerative therapies in the future.

Materials and methods
Preparation of biodegradable nonwoven fabric

The fibers that made up the nonwoven fabric comprised the biodegradable polymer 
PLGA, to which hydroxyapatite (Hap) was added (weight ratio, 1:1) to increase adhesion 
of the cells to the fibers. Since PLGA-only nonwoven fabrics have a low cell adhesion 
ability (data not shown), hydroxyapatite was added to improve cell adhesion. Further-
more, to develop a nonwoven fabric that can be imaged more clearly using X-ray CT, the 
hydroxyapatite content of the fibers making up the nonwoven fabric can be increased. 
The decision to use a hydroxyapatite content of 50% by weight was made because 50% 
is the limit at which the desired fiber could be spun in a stable manner. The PLGA used 
was LG855S (inherent viscosity 2.5–3.5  dL/g, Evonik Industries AG, Germany). HAp 
was a special-order product made by Taihei Chemical Industrial (Japan). Many of the 
scaffolds containing HAp that have been used for culturing ADSCs can also be used to 
induce their differentiation into vascular endothelial- [37–40], chondrocyte- [34, 41], 
osteoblast- [37–39, 42–47], and adipocyte-like cells [48]. A composite solution was pre-
pared by uniformly mixing HAp particles with PLGA dissolved in a solvent, from which 
nanofibers were spun using a NANON-3 electrospinning device (MECC, Japan). All raw 
materials and solvents were approved for medical devices.

The nonwoven fabric was fabricated by depositing a fiber on the surface of the 
NANON-3 rotary drum. It is possible to manufacture large-area nonwoven fabric by 
reciprocating the nozzle that sprays the spinning solution onto the rotating drum. Many 
types of nonwoven fabric with different structures have been fabricated by changing the 
manufacturing conditions of the nonwoven fabric [4]. Here, only Type A nonwoven fab-
ric was used because it was the most effective for extraction and culture of ADSCs from 
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adipose tissue slices [4]. After spinning, the nonwoven fabric wrapped around the drum 
was cut into a rectangle, placed on a flat table, and formed into a circle using a hollow 
mold. The biodegradable nonwoven fabric was produced by ORTHOREBIRTH (Japan), 
and sterilized by gamma irradiation. More detailed information about its fabrication was 
provided previously [4].

Imaging of the nonwoven fabric

Macroscopic images of the nonwoven fabric were captured by a Power Shot SX210 IS 
digital camera (Canon, Japan; Fig. 1a). Microscopic images of the nonwoven fabric were 
captured by an FE-SEM SU3500 (Hitachi, Japan; Fig. 1b). The nonwoven fabric used for 
FE-SEM observation was platinum coated (350 Å) with an IB-5 ion coater (Eiko, Japan).

SEM observation of cell sheets

SEM images of the nonwoven fabric fibers used for cell culture were acquired (Fig. 2a, b). 
ADSCs (PT-5006, Lonza, USA) were seeded onto the nonwoven fabric at 3.0 × 104 cells/
cm2. The cell sheets were prepared by culture in ADSC–GM for 20 days before fixation 
with 4% paraformaldehyde in phosphate buffered saline (PBS; Nacalai Tesque, Japan) 
overnight at room temperature, followed by washing once with D-PBS (Nacalai Tesque, 
Japan) and once with Milli-Q grade water. After washing, the cell sheet was placed on 
conductive copper foil on double-sided tape (Teraoka Seisakusho, Japan) on a removable 
SEM sample stage and air-dried for at least 2 weeks. After coating the dried cell sheet 
with platinum, the samples were observed with an SEM (JCM-6000, JEOL, Japan).

Analysis of changes in surface pores after culture

The pore area (area per pore), pore ratio (pore area/total area), and pore density (num-
ber of pores per unit area) on the surface of the nonwoven fabric were compared before 
and after cell culture. Two FE-SEM images (Additional file 1: Fig. S3a, b), taken using the 
method described above, were used to analyze the surface of the nonwoven fabric before 
cell culture, and two SEM images (Additional file 1: Fig. S3c, d) were taken to analyze the 
surface of the nonwoven fabric after cell culture. For each of these images, pores present 
in two 15 µm × 25 µm regions (measurement fields) were extracted by setting a thresh-
old for image binarization; the average pore area, average pore ratio, and average pore 
density were then measured and analyzed (n = 4). Pore extraction, measurement, and 
analysis were performed using Image Pro 10 (Media Cybernetics, USA). The pores to be 
extracted, measured, and analyzed were defined as those with deep bottoms that were 
not visible, or pores with raised edges and containing visible granular particles. The cal-
culation for the average pore area included only pores for which the entire pore area sat 
completely within the measured region. The average pore ratio was calculated using all 
concave areas within a measured region as a total pore area, even if the pores were not 
completely within the measured region. The average pore density was calculated using 
the pores whose center was within a measured region.

Collection and bacteriostatic treatment of adipose tissue

The study protocol (approval number 810) was approved by the Ethics Committee of the 
University of the Ryukyus for Medical and Health Research Involving Human Subjects, 
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and human adipose tissue was collected at the University of the Ryukyus Hospital. 
Informed written consent was obtained from all human subjects who donated adipose 
tissue. The adipose tissues used in this study were collected from donors (i)–(iii) by lipo-
suction (Table 1). Bacteriostatic treatment and washing were performed to reduce the 
risk of contamination. After collection, each adipose tissue sample was immediately 
soaked in perfusion solution (Merk, Germany) with 1% penicillin G potassium (Meiji 
Seika Pharma, Japan) and cleaned by centrifugation (800 G, 5 min, 4  °C). After clean-
ing, we transferred the adipose tissue to a new 50 mL centrifuge tube containing perfu-
sion solution with 1% penicillin G potassium and treated the tissue bacteriostatically by 
allowing it to stand at 4  °C overnight. Personal experience suggests that the frequency 
of contamination is greatly reduced when such a bacteriostatic treatment is performed. 
After the bacteriostatic treatment, we washed the tissue three times by centrifugation 
(800 G, 5 min, 4 °C).

Preparation of the adipose tissue slices for seeding on the nonwoven fabric

Adipose tissue that had been treated bacteriostatically and washed was cut with steri-
lized scissors into slices of about 0.5–3  mm, and if necessary, torn with sterilized 
tweezers.

Degassing of the nonwoven fabric

The biodegradable circular nonwoven fabric was submerged into 10 mL of ADSC–GM 
in a 100-mm cell culture dish (Corning Inc., USA). A perforated glass plate (round, 
diameter 20 mm, thickness 3.0 mm, 1.9 g; Toshin Riko, Japan) was placed on each non-
woven fabric piece to prevent it from floating. The fabric was then degassed under 
reduced pressure (0.09 MPa, 1 min) using a water flow aspirator, as described previously 
[4, 49–51].

Seeding of adipose tissue slices on the nonwoven fabric

First, two sheets of the degassed 23-mm diameter circular nonwoven fabric (ORTHORE-
BIRTH, Japan) were placed on top of each other in a cell strainer placed into each well 
of a Costar® ultra-low attachment-surface 6-well plate (Corning Inc., USA) containing 
4.5 mL ADSC–GM. A sterilized perforated glass plate (round, diameter 20 mm, thick-
ness 3.0 mm, 1.9 g) was used as a weight on top of the two layers of nonwoven fabric. It 
is worth noting that Teflon perforated plates would have been preferable to glass perfo-
rated plates because cells adhere poorly to Teflon, whereas they adhere strongly to glass 
[4]. Then, 0.02 g slices or 0.05 g slices of adipose tissue were sandwiched between the two 

Table 1  Anonymized information about the human tissue donors

Case Date Age, year/sex Technique Part Height, cm Weight, kg BMI

(i) Jul 9, 2018 54/F Liposuction Left thigh (superficial 
layer inside)

143.7 61.1 29.60

(ii) Nov 26, 2018 26/F Liposuction Both lateral region of 
abdomen

149.8 51.3 22.90

(iii) Sep 18, 2019 56/F Liposuction Abdomen 157.0 56.0 23.04
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layers of fabric, held down by the glass plate (Fig. 3), and started culturing at 37 °C/5% 
CO2. Fibers were oriented in the same direction in the two nonwoven fabric layers.

Differentiation of ADSCs in the tissue sheets

The ADSCs in the tissue sheets (prepared from adipose tissue slices) were differentiated 
into vascular endothelial cells, chondrocytes, or adipocytes. The adipose tissue slices 
used in this experiment were prepared by sandwiching 0.02  g slices of adipose tissue 
from case ii (Table 1) between two layers of fabric, holding them down with a glass plate 
(Fig. 3), and culturing them at 37 °C/5% CO2. These samples were then used for each of 
the following experiments.

First, cells were differentiated into vascular endothelial cells. Briefly, after seeding and 
culturing the tissue slices in ADSC–GM for 3 days, differentiation into vascular endothe-
lial cells was induced by changing the medium to EGM-2 (Lonza, USA); this medium 
was then replaced with fresh medium every 3 days for 32 days [52, 53]. After induction 
of differentiation, the samples were fixed in 4% paraformaldehyde in PBS and labeled 
with a vWF rabbit host antibody (Sigma-Aldrich, USA; 1:100, 4  h) followed by Alexa 
Fluor 546 goat anti-rabbit IgG (Thermo Fisher Scientific Inc., USA; 1:200, 4 h). The sam-
ples were then stained with DAPI (Fujifilm Wako Chemicals, Japan; 1:400, 20 min). Two 
binder clips were placed on the edges of the nonwoven fabric to prevent it from moving, 
and each nonwoven fabric sample was placed seeded side up into a 35-mm cell culture 
dish (Corning Inc., USA) containing D-PBS. Samples were observed by upright CLSM 
(FV1000D,  Olympus, Japan) fitted with a water-immersion objective lens (UMPLFLN 
10 × W; Olympus, Japan). A total of 101 images of area 1270 μm × 1270 μm at intervals 
of 3.0 μm were observed in the Z-axis direction to ensure that the entire thickness from 
the top surface (in the case of an upright microscope, the surface close to the objective 
lens) to the bottom surface was captured (Fig. 4).

Next, the cells in the sheet were differentiated into chondrocytes. Briefly, after seed-
ing and culturing the tissue slices for 40 days in ADSC–GM, differentiation into chon-
drocytes was induced by changing the medium to chondrocyte differentiation medium, 
which was then replaced with fresh medium every 3 days for 21 days. The chondrocyte 
differentiation medium used in this experiment was high-glucose Dulbecco’s modified 
eagle medium (Nacalai Tesque, Inc., Japan) supplemented with 10% fetal bovine serum 
(Invitrogen, USA) and cartilage differentiation factors (0.04  mg/mL L-proline (Sigma-
Aldrich, USA), 100  nM dexamethasone (Fujifilm Wako Chemicals, Japan), 1 × ITS + 1 
liquid media supplement (Sigma-Aldrich, USA), and 10 μg/mL TGF-β3 (Fujifilm Wako 
Chemicals, Japan)). The choice of these differentiation factors was based on several pre-
vious studies [54–57]. After induction of differentiation, the samples were fixed in 4% 
paraformaldehyde in PBS, washed three times with D-PBS containing 0.1% Tween 20 
(Sigma-Aldrich, USA), and immersed for 3  h in D-PBS containing 3% BSA. The fixed 
samples were then reacted with an anti-aggrecan antibody (Abcam, UK; 1:200, over-
night, 4 °C), followed by Alexa Fluor 546 goat anti-mouse IgG1 (Thermo Fisher Scientific 
Inc., USA; 1:400, 4 h), and then staining with DAPI (1:400, 20 min). After fluorescence 
staining, the samples were observed by CLSM FV1000D, as described above.

Finally, cells in the sheet were differentiated into adipocytes. Briefly, after seeding and 
culturing the tissue slices for 40 days in ADSC–GM, differentiation into adipocytes was 
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induced by changing the medium to adipocyte differentiation medium BBDM2 (Sumi-
tomo Dainippon Pharma, Japan) and culturing for 7 days; in this case the medium was 
not changed during culture [58]. After induction of differentiation, the cells were cul-
tured for 7  days in adipocyte maintenance medium BBAM1 (Sumitomo Dainippon 
Pharma, Japan) to allow accumulation of lipid droplets, which are a marker of adipo-
cytes. The samples were then fixed in 4% paraformaldehyde in PBS and stained for with 
DAPI (1:400, 20 min) and Nile red (Fujifilm Wako Chemicals, Japan; 1 μg/ml, 40 min). 
The stained samples were then observed by CLSM FV1000D equipped with a water-
immersion objective lens (UMPLFLN 60 × W; Olympus, Japan). The samples were then 
placed in a culture dish for observation, as described above. A total of 101 images of area 
212 μm × 212 μm at intervals of 3.0 μm were observed in the Z-axis direction to ensure 
that the entire thickness from the top surface (in the case of an upright microscope, the 
surface close to the objective lens) to the bottom surface was captured.

Culture of adipose tissue slices on the nonwoven fabric prior to transplantation

To assess the safety of the cell sheet transplantation method, a 0.05 g piece of adipose 
tissue slices was prepared from adipose tissue case i  (Table 1), seeded, and cultured at 
37 °C/5% CO2 in ADSC–GM; the medium was replaced with fresh medium every 3 days 
for 30 days. To investigate changes in cell sheet volume using X-ray CT, a 0.05 g piece 
of adipose tissue slice was prepared from adipose tissue case iii  (Table 1), seeded, and 
cultured at 37 °C/5% CO2 in ADSC–GM; the medium was replaced with fresh medium 
every 3 days for 24 days.

Transplantation into animals

The aim of the animal experiments was to test whether the cell sheets supported on 
nonwoven fabric could be used for the treatment of facial nerve paralysis in an animal 
model. In this report, the safety of the cell sheet transplantation into the cheeks of a 
facial nerve paralysis rat model was evaluated, and CT was used to investigate changes 
in the volume of the cell sheets. Cell sheet transplantation into rats was considered 
safe if no abnormalities at the transplant site were observed, and if the rats survived for 
6 months or more after transplantation. Although 6 months is shorter than the natural 
lifespan of a rat, this was selected as the guideline for safety assessment, considering that 
transplantation and rearing were carried out in a conventional (rather than SPF) envi-
ronment. Transplantation and rearing in a conventional environment is extremely harsh 
for nude rats, which are usually maintained in an SPF environment [36]. In both stud-
ies, the cell sheets were supported on 23-mm-diameter circular nonwoven fabric pre-
pared by a method similar to that described above, but for inducing differentiation. The 
sandwich culture described above, which consisted of two layers of fabric, was also used 
for transplantation into the animals. These animal experiments were approved by the 
Animal Care and Use Committee of the University of the Ryukyus (approval number: 
A2018041). Rat surgery and breeding were carried out in a conventional environment, 
rather than in a specific pathogen-free (SPF) environment. Animal breeding was carried 
out by the Institute for Animal Experiments of University of the Ryukyus. The therapeu-
tic effect of the cell sheet for treatment of facial nerve paralysis was not investigated in 
this study because an evaluation method has not yet been developed.
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Three 6-week-old male F344/N Jcl-rnu/rnu rats were purchased from Cler Japan 
(Japan) and three 6-week-old male Wistar rats were purchased from Charles River Labo-
ratories Japan (Japan). After the rats were brought into the Institute for Animal Exper-
iments of University of the Ryukyus and housed for 1  week to accustom them to the 
environment of the institute, cell sheets supported by the two layers of nonwoven fabric 
were transplanted into the 7-week-old rats. All transplantations were performed with 
the rats anesthetized by inhalation of isoflurane (introduction: 4%, sustainment: 2–3%). 
An all-in-one small animal anesthesia machine (MK-AT210D, Muromachi Kikai, Japan) 
was used for inhalation anesthesia. Before transplantation, the rats were subjected to 
facial diplegia by making incisions and cutting a facial nerve trunk on both sides; the 
success of the procedure was confirmed by the absence of whisker movement. On the 
left cheek, a cell sheet supported by two nonwoven fabric pieces cut into 10-mm squares 
was transplanted over the severed nerve and covered by sutured skin (Fig. 5a). The oppo-
site cheek without transplanted tissue was used as a control. Observations were carried 
out for 12 weeks after transplantation.

To investigate changes in the volume of the cell sheets in F344/N Jcl-rnu/rnu rats, 
each rat was imaged by X-ray CT for 12 weeks. Only images from week 5 to week 11 
were captured every other week. All others (from week 1 to week 5 and from week 11 to 
week 12) were captured every week. X-ray CT imaging was performed only on F344/N 
Jcl-rnu/rnu rats and not on Wistar rats. Because this cell sheet is a xenotransplant, it is 
desirable to evaluate it in F344/N Jcl-rnu/rnu rats, which are immunodeficient. Wistar 
rats were used only to establish the transplantation procedure and the post-transplanta-
tion housing method. It is important for the expansion of the use of this cell sheet that 
the transplantation procedure and post-transplantation housing method are established 
using Wister rats because Wister rats with normal immunity are used in a wide vari-
ety of studies. The X-ray CT imaging device used in this study was a 3D X-ray micro-
CT R_mCT2 (Rigaku, Japan). This 3D X-ray micro-CT was operated using Database ver. 
2.3.1.0 software (Rigaku, Japan). The 3D viewer function of the Database software was 
used to confirm the position and shape of the transplanted cell sheets (Fig. 5c). Analyze 
12.0 software (Rigaku, Japan) was used to segment and measure a 3D region of the cell 
sheet supported by the two nonwoven fabric layers in each X-ray CT image (Fig. 5d and 
Additional file 1: Fig. S1). Analyze 12.0 was also used to identify the upper and lower 
limits of the reference threshold for each X-ray CT image (Additional file  1: Fig. S2). 
Using the reference threshold determined in the first week after transplantation, changes 
in the volume of the transplanted cell sheets were evaluated for 12 weeks (Fig. 5e).

Statistical analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software, 
Inc., USA). The results are expressed as mean ± standard deviation. Changes of the 
pore area, pore ratio, pore density in the fibers before and after culture were analyzed 
using Student’s t test. Volume changes in the cell sheets after their transplantation into 
rats were analyzed using the one-way ANOVA with the Dunnett multiple compari-
sons test. P < 0.05 was considered significant. Ns, not significant; *, p < 0.05; **, p < 0.01; 
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***, p < 0.001. To ensure clear presentation of data, *, **, and *** are used to denote 
significance.
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