Biosheets for corneal stromal substitution

Figure 6. Histological section of rabbit corneas implanted with BIOSHEETS at 4 weeks (a-c) and 8 weeks postoperatively (d-f). Black
arrows indicate the anterior surface of the implanted BIOSHEET. (a,d) Low-magnification images and (b,e) high-magnification images
of haematoxylin and eosin-stained sections. (c,f) High-magnification images of Masson trichrome-stained sections

However, at 4weeks postoperatively, the corneal thick-
ness and the transparency score had decreased. The in-
crease in corneal thickness and corneal opacity observed
immediately after implantation may have been caused
by the swelling of the BIOSHEETS, and the subsequent de-
crease in corneal thickness and recovery of transparency
may be attributed to dehydration of the BIOSHEETS. At
8weeks postoperatively, the transparency score had

Copyright © 2013 John Wiley & Sons, Ltd.

improved (p=0.04), the comeal thickness had not
changed and the histological arrangement and orientation
of collagen lamellae of implanted BIOSHEETSs became ho-
mogeneous relative to the sheets observed at 4 weeks.
These results suggest that recovery of corneal transparency
from 4weeks to 8weeks results from structural changes
such as remodelling of the BIOSHEETs without degrada-
tion, thereby altering the light-scattering properties. The
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Figure 7. Immunohistological section of rabbit corneas implanted with BIOSHEETs at 8 weeks. Fluorescent microscopic images
stained with vimentin (a, red), alpha smooth muscle actin (a-SMA) (b, red), RAM11 (c, red). Cell nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI, blue). White double arrow indicates the region of BIOSHEET implantation

histological structure of BIOSHEETs before implantation
showed a lamellar arrangement of collagen fibres, which
may facilitate remodelling.

The BIOSHEETs implanted into rabbit corneas showed
high biocompatibility and tendency to restore corneal trans-
parency. These results are compatible with the results of
other studies of biosynthetic corneal implant materials such
as recombinant human collagen hydrogels, decellularized
corneas and rabbit dermis (Liu et al., 2007; Fagerholm
et al., 2009; Merrett et al., 2009; Duncan et al., 2010;
Tanaka et al., 2011). Recent developments in tissue engi-
neering technology and the production of corneal substi-
tutes may be used to address the worldwide shortage of
acceptable donor corneas. However, many of the present
approaches require costly equipment and complex method-
ology. Globally, corneal opacity is an important cause of
blindness or severe visual impairment that affects more
than 10 million people, most of whom live in developing
countries (Whitcher et al., 2001, 2002; Schwartz et al.,
1997). Corneal transplantation in these areas has many lim-
itations, including a lack of eye banking infrastructure and
excessive cost (Feilmeier et al., 2010). Thus, for develop-
ment of prosthetic tissues, our in-body tissue architecture
technology is simple, safe and cost-effective, making it par-
ticularly advantageous in developing countries.

5. Conclusion

BIOSHEETS fabricated using in-body tissue architecture
technology were successfully implanted as allogeneic
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Abstract Biovalves, autologous tri-leaflet valved con-
duits, are formed in the subcutaneous spaces of animals.
The valves are formed using molds encapsulated with
autologous connective tissues. However, tissue migration
into the small apertures in the molds for leaflet formation is
generally slower than that for conduit formation around the
molds. In this study, the formation of the leaflet tissues was
directly and non-invasively observed using a wireless
capsule endoscope. The molds were assembled from 6
parts, one of which was impregnated with the endoscope,
and embedded into subcutaneous pouches in goats
(n = 30). Tissue ingrowth into the apertures gradually
occurred from the edges of the leaflet parts. Tissue for-
mation was accompanied by capillary formation. At
63.1 £ 17.1 days after embedding, the apertures were
completely replaced with autologous connective tissue,
forming the leaflet tissues. Leaflet formation was enhanced
by including fat tissue (46.7 & 4.2 days) or blood
(41.1 & 6.9 days) in the apertures before embedding. The
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creation of slit openings, in conjunction with addition of
blood to the apertures, further enhanced leaflet formation
(37.0 £ 2.8 days). Since leaflet formation could be
observed endoscopically, the appropriate embedding per-
iod for complete biovalve formation could be determined.

Keywords In vivo tissue engineering - Biovalve - Heart
valve - Tissue formation - Endoscope

Introduction

The homografts and replacement cardiac valves that are
currently in use, including mechanical and bioprosthetic
xenograft valves, are efficacious, but further development
is required [1]. In the case of mechanical valves, lifetime
anticoagulation therapy is required because thrombus
formation around the valve can lead to insufficiency or
serious embolisms. Bioprosthetic valves, on the other
hand, are subject to gradual deterioration of the structure
of the xenogenic tissues due to calcification [2-4}.
Moreover, owing to their inability to grow, neither type of
prosthetic valve is suitable for use in pediatric patients [5].
To overcome these problems, “biovalves,” autologous, tri-
leaflet, valved conduits, were developed using “in-body
tissue architecture” technology [6]. To date, biovalves
have been obtained following the encapsulation of specific
molds with autologous connective tissues (collagen and
fibroblasts) in the subcutaneous pouches of animals
[7-111.

The formation of biovalves involves the use of acrylate
or silicone molds that serve as scaffolds for the develop-
ment of autologous tissues, with collagenous structure,
around the mold. Formation of these devices depends upon
the migration of fibroblasts from the adjacent autologous

227



J Artif Organs (2015) 18:40-47

41

tissues, supported by acute and chropic inflammatory
reactions to the presence of the foreign mold [12, 13]. The
fibroblast-induced encapsulation is regulated by growth
factors secreted by activated inflammatory cells, such as
macrophages, and is similar for almost all embedded bio-
material implants [14, 15]. The encapsulation occurs easily
on the surface of implants in direct contact with the sur-
rounding subcutaneous tissue [16]. However, the challenge
of tissue migration to the luminal space of the implants
makes filling the space extremely difficult because the
natural purpose of encapsulation is to cover the foreign
material. If the aperture is small, tissue migration is par-
ticularly difficult. Indeed, during the biovalve preparation
process, leaflet formation, which requires tissue migration
into the small apertures of the molds, is delayed in com-
parison with the formation of the conduit. Conduits can be
completely formed within 1 month, similar to biotubes,
which are similarly formed autologous tubular connective
tissues for vascular grafts [6, 17, 18].

In a preliminary study, only partial leaflet formation was
noticed after harvesting some biovalve molds. In this study,
we examined the optimal period of subcutaneous mold
implantation to produce biovalves (type VI). Using a
capsule endoscope impregnated into the molds, we con-
tinnously monitored leaflet formation, in situ. To enhance
leaflet formation, we assessed the effects of different bio-
chemical approaches, using autologous fat or blood, as well
as a physical approach, involving an additional opening
into the mold, to promote tissue migration into the
apertures.

Materials and methods
Mold preparation procedure

Six plastic parts were assembled to form the mold used to
form the type VII biovalve. Five acrylate parts were pre-
pared using a three-dimensional printer (Projet HD3000,
3D Systems, Rock Hill, SC, USA). The sixth component
was made of silicone and contained the embedded capsule
endoscope (EC Type 1, Olympus, Tokyo, Japan). The mold
was designed such that the leaflets were formed in such a
manner that they were separated from each other, in the
open form.

Biovalve preparation protocol

All animal studies were performed in accordance with the
“Guide for the Care and Use of Laboratory Animals”
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) under a protocol
approved by the National (Japan) Cerebral and

Cardiovascular Center Research Institute Committee (No.
12002). Thirty molds were placed into the dorsal subcu-
taneous pouches of 10 goats (age 1-2 years; body weight
40-50 kg) under general anesthesia induced with ketamine
(10 mg/kg) and maintained with isoflurane (1-3 %).

Leaflet formation within the 3 apertures was non-inva-
sively observed using a capsule endoscope. After complete
encapsulation of the molds with connective tissue, fol-
lowing 2 months of embedding, the implants were har-
vested. The biovalves, with 3 protrusions resembling the
Valsalva, were obtained by removing the center part of the
mold, followed by the 2 tubular parts, and the 3 hemi-
sphere-like parts from both ends of the developed tubular
tissue. Each leaflet had an area of 2.4 cm [2], and a height
of 1.7 cm.

To promote leaflet formation, autologous blood was
drawn by venipuncture from the goat and placed in the
three apertures of the mold immediately. The clotting of
autologous blood in the leaflet apertures was obtained in
approximately 5 min. Autologous fat tissue was harvested
from subcutaneous pouches of the goats under general
anesthesia. After the fat tissue was cut into small pieces so
as not to remain the fragment, the liquid-like phase of the
fat tissue obtained without selection was injected into the
aperture of the mold. As additional cell entrances to pro-
mote leaflet formation, the slits were designed in a part of
valsalva of the mold corresponding to the tip of each leaflet
formation area.

Statistics

Quantitative data are presented as means = standard
deviations.

Results

The type VI biovalve was selected as a model for the
observation of the leaflet formation process. The subcuta-
neous biovalve formation process is shown in Fig. 1a. The
mold (b) (Fig. 1b) had a rod-like shape, with three pro-
jections forming the “sinus of Valsalva”; the leaflets form
inside this area in the area demarcated by the dotted lines in
Fig. 1b. The part containing the embedded capsule endo-
scope was located at one end of the area representing the
sinus of Valsalva. After subcutaneously embedding the
molds, connective tissue membranes formed on the surface
of the molds, surrounding the molds with connective tissue
(step 1). At the same time, similar tissue migrated from the
periphery of the three apertures, between the projections
and the proximal conduit. Upon harvesting a mold, it was
completely encapsulated with autologous connective tissue
(Fig. 1c). After removal of the mold (step 2), a biovalve,
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Fig. 1 a Schematic diagram of
the formation process for
Biovalve, The mold was
obtained by assembling conduit
and valsalva parts. The mold
harvested after complete
encapsulation with connective
tissue (step 1). The tubular
tissue with leaflet was obtained
by removing the mold (step 2).
Finally when air was blown
through the valve, Biobalve
with closed form of the leaflets
was obtained (step 3). Photos of
the preparation mold,
impregnated with a capsule
endoscope b before and ¢ after
encapsulation. Leaflet formation
area indicated by dotred red
flams. Photos of

d circumferential cross-section
and e luminal surface of
Biovalve, and f the closed form
of the leaflets (color figure
online)

Fig. 2 Capsule endoscope view
(a) and scheme (b) of the leafiet
formation areas (three red
areas). Scale of the graticule is
1 mm. ¢ Embedding of the
mold. d The mold was located
approximately 3 cm from the
dissection line (color figure
online)
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Embedding Period (week)

3 4 5 6 7

Fig. 3 Capsule endoscope view (a) and schematic diagram (b) of
leaflet formation. Red and blue areas show the leaflet formed areas
and remaining area for the leaflets, respectively. ¢ Process of leaflet
formation up to 5 weeks of implantation and e luminal surface of the

with conduit tissue (Fig. 1d) connected to three leaflet
membranes (Fig. le), was obtained. During biovalve for-
mation, the leaflets formed in an open position. When air
was blown through the valve (step 3), a biovalve with
closed leafiets was obtained (Fig. 1f).

Observation of the leaflet formation process

The leaflet formation process occurred at step 1 in Fig. |
and was non-invasively observed using the impregnated
capsule endoscope. An image, acquired before implanting
the mold, is shown in Fig. 2a. Three crescent-shaped leaflet
formation areas (area indicated by dotted red lines in
Fig. 2b), behind the three projecting parts, were clearly
visualized by the endoscope at the bottom of the mold.
Since the image obtained was taken with a fish eye lens, the
scale was extended towards the center. After embedding,

Biovalve harvested at 5 weeks. Yellow arrows showed non-formation
area. In post-embedding inflammation, d process of leaflet formation
and f luminal surface at 5 weeks (color figure online)

the molds were located approximately 3 cm from the dis-
section line (Fig. 2c, d).

Immediately after embedding, the area around the mold,
including the space for the leafiet formation (red areas in
Fig. 3b), was fully occupied with air (Fig. 3a). The air was
gradually replaced with light yellow-colored body fluid
within the first post-embedding week. After 2 weeks, the rod
part of the proximal conduit (yellow areas) became the light

" pink, indicating the formation of connective tissue. At same

time, the circumference of the crescent-shaped, leaflet for-
mation area developed a red belt due to capillary collection.
Later, the relatively white-colored area surrounding the red
belt (blue areas) gradually decreased in size towards the
center. After 7 weeks, the observed area was fully covered
with light pink-colored connective tissue, indicating com-
plete leaflet formation (Fig. le). If a mold was harvested at
5 weeks (Fig. 3c), with the remaining white-colored areas

& Springer
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Embedding Period (week)

before 0 1 2

3 4 5 6

Fig. 4 The leaflet formation process at the aperture of the mold with a autologous blood, b fat tissue and c¢ slits combined with autologous blood.
d Photos of the slits in the mold as additional cell entrance. Yellow arrows show slits (color figure online)

indicated by the yellow arrows, the tips of the two leaflets
were incompletely formed (Fig. 3e).

As post-embedding inflammation occurred, dark-col-
ored photos were obtained (Fig. 3d), as body fluid accu-
mulated abnormally in the subcutaneous pouch due to the
inflammatory process. However, the outside of the leaflet
formation area became light pink despite the persistence of
the dark color in the leaflet formation area and the absence
of capillary ingrowth. When harvested at 5 weeks, only the
base areas of the leaflets were formed; most of the leaflet
had not yet developed (Fig. 3f).

Promotion of leaflet formation

One physical and two biochemical approaches were
attempted to promote leaflet formation. One approach
involved the clotting of autologous blood in the leaflet
apertures at the time of embedding. Immediately after
embedding, the blood appeared light red, but changed to
dark purple within 1 week (Fig. 4a). At 2 weeks, the
development of capillary vessels appeared similar to the

@_ Springer
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molds without the autologous blood clot. However, leaflet
formation was complete at 5 weeks. In the original molds,
without blood injections, only one mold demonstrated
complete leaflet formation at 5 weeks (Fig. 5); additional
biovalves were completed weekly, thereafter, with the last
biovalve being completed after 12 weeks. The average
time required for biovalve completion was 63.1 + 17.1
days (n = 11), whereas an average of 41.1 & 6.9 days
(n = 10) were required when autologous blood was
injected into the apertures (Fig. 5).

A similar shortening of the development period was
noted in molds in which autologous fat tissue was injected
into the three apertures (Fig. 4b) at the time of embedding.
One week after embedding, tissue growth began; capillary
vessels developed between weeks 2 and 4. The three
leaflets were completely formed, across the mold, at
6 weeks. The average time required for biovalve comple-
tion was 46.7 £ 4.2 days (n = 6).

For the physical approach, we created slits at the tip of
cach leaflet formation area as additional cell entrances
(Fig. 4d, yellow arrows). Upon embedding, the slits were
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Fig. 5 The period of Biovalve completion

also injected with autologous blood. A red line developed
as capillary vessels grew from both the leaflet bases and
tips during a 1-2 week period. The tissue growth at the
leaflet bases and tips completed within 3—4 weeks, with
tissue growth gradually advancing to the central part of the
leaflets and completing within 5 weeks. By combining the
use of slit openings and blood injections, enhanced biov-
alve formation was obtained (average time to completion,
37.0:2:8daysiin,=!3),

Discussion

Biovalves were obtained by embedding molds into sub-
cutaneous spaces in goats. However, formation of the 3
leaflets depended on the slow migration of tissue. A key
problem was that we could not evaluate leaflet formation,
based on external observations, making the determination
of the optimal embedding period difficult. In this study, the
process of leaflet formation was directly and non-inva-
sively observed using a wireless capsule endoscope.

The overall formation process involved a foreign-body
reaction, resulting from the implantation of the mold [19].
Upon implantation, protein immediately adsorbed to the
mold surfaces, forming protein adsorption layers that
included platelets, clots, and fibrin [15]. Afterwards,
inflammatory cells, including macrophages and fibroblasts,
are attracted to this layer, and the fibroblasts invade the
fibrin [14]. The fibroblast invasion results in fibrinolysis
and deposition of fibronectin and hyaluronan. As the early
tissue matures, the fibronectin and hyaluronan are replaced
with collagen types I and III, formed by the fibroblasts
[12]. The collagen becomes the primary component of the
biovalve leaflets [7].

232

The present study showed that leaflet formation began at
the border of the developed capillary vessels. During
wound healing, the tips of the developed capillary vessels
invade the plasma-derived fibrin and fibronectin, before
fibroblast migration [20]. The density of capillary vessels
present in the nascent tissue gradually diminished as the
collagen accumulated [21]. This series of interactions
between the capillary vessels and fibroblasts conformed to
the description in previous reports. Kishi et al. [22]
reported that acrylic resin molds, containing velour cloth,
were encapsulated within 58 days and that the new fibro-
blasts entered the space from between the molds. This
assessment of the embedding period is important because
the in vivo tissue migration process plays a key role in
leaflet formation.

Two biochemical approaches and one physical approach
were attempted to promote leaflet formation. In one,
autologous blood was placed in the mold apertures,
resulting in leaflet formation completing within 5 weeks, at
the earliest. The blood contained the fibrin clot, platelets
white blood cells, and various growth factors, such as
vascular endothelial growth factor [23], platelet-derived
growth factor (PDGF) [24], and epidermal growth factor
(EGF) [25). PDGF and EGF, in particular, are the main
signals for fibroblast migration and are derived from
platelets and macrophages [26-30]. The leaflet formation
process, in the molds occupied by autologous blood,
occurred from the base of the leaflets in the same way as in
the molds occupied by air. During the second weeks after
embedding, the capillary tips of blood vessels were simi-
larly developed in the mold occupied by air and autologous
blood. However, the capillary vessels were developed more
quickly in the molds occupied by autologous blood there-
after. On the other hand, in the mold occupied by air, the
period that neovascularity remained without tissue forma-
tion of the tip of leaflet was long. That means, during the
early post-implantation phase, the current data suggest that
the autologous blood affected the scaffold for fibroblast
and capillary vessel migration and promoted angiogenesis.

A similar tendency for enhanced leaflet formation was
noted when fat tissue was inserted into the molds. Fat tis-
sue, including fat cells, pre-adipocytes, endothelial cells,
blood vessel smooth-muscle cells, and fibroblast-like adi-
pose precursor cells (e.g., stem cells or more committed
adipose progenitors), may be an ideal scaffold for leafiet
formation [31]. The fat tissue can survive and capillary
vessels can grow from the adjacent environment, depen-
dent on the required serum [32]. In addition, previous
results indicated that differentiating adipose progenitors
actively synthesize new extracellular matrix and are
responsible for the formation of mature fat tissue [33, 34].
The current report suggests that the fat tissue retained
several autologous cells, having the potential for
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angiogenesis [35, 36], and promoted the angiogenesis
necessary for leaflet formation in the mold. However, in
this study, the eventual leaflet formation was slower than
when the mold was occupied with blood. Fibroblast inva-
sion is necessary to generate collagen, but fat tissues can
survive if they receive adequate nutrients from adjacent
vascularized tissue [37, 38]. As a result, the fat tissues are
activated, and their replacement with collagen may be
slowed.

We also created slits in the mold apertures to promote
fibroblast invasion through the slits as well as from the base
of the leaflets. This approach provided the shortest leafiet
formation period, when combined with the use of autolo-
gous blood.

Bioprosthetic valves have superior blood compatibility
and hemodynamics, compared with mechanical valves
[39], but have limited durability [2-4]. Biovalve conduits
have been shown to have high durability, similar to the
native sinus of Valsalva and the native aorta [40-42]. The
enhanced durability of these conduits may be because of
their maturation after collagen replacement is complete.
The durability of the leaflet tip may also be improved by
the fibroblasts invading through the slits. Obtaining bi-
ovalves with adequate durability is critical for the clinical
application of these bioprosthetic structures.

Conclusion

We were able to harvest the molds after an optimal
development period due to the use of capsule endoscopes
placed within the molds. In addition, leaflet formation was
promoted by both biochemical and physical approaches.
The use of wireless, capsule endoscopes solved a major
problem regarding how to determine the details of the
leaflet formation. This knowledge is critical to ensure that
biovalve molds remain in situ long enough for complete
leaflet formation to occur and ensure a high rate of harvest
of functional valves.

Conflict of interest None.
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Abstract The use of stent grafts for endovascular aortic
repair has become an important treatment option for aortic
aneurysms requiring surgery. This treatment has achieved
excellent outcomes; however, problems like type 1 en-
doleaks and stent graft migration remain. Bio stent grafts
(BSGs), which are self-expanding stents covered with
connective tissue, were previously developed using “in-
body tissue architecture” technology. We assessed their
early adaptation to the aorta after transcatheter implanta-
tion in a beagle model. BSGs were prepared by subcuta-
neous embedding of acryl rods mounted with self-
expanding nitinol stents in three beagles for 4 weeks
(n = 3/dog). The BSGs were implanted as allografts into
infrarenal abdominal aortas via the femoral artery of three
other beagles. After 1 month of implantation, aortography
revealed no stenosis or aneurysmal changes. The luminal
surface of the BSGs was completely covered with neoin-
timal tissue, including endothelialization, without any
thrombus formation. The cover tissue could fuse the
luminal surface of the native aorta with tight conjunctions
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even at both ends of the stents, resulting in complete
impregnation of the strut into the reconstructed vascular
wall, which is expected to prevent endoleaks and migration
in clinical applications.

Keywords Endovascular aortic repair (EVAR) - Covered
stents - Connective tissue - In vivo tissue engineering -
Stent graft

Introduction

Covered stents were initially developed as handmade fab-
ric-covered metal stents (stent grafts) for the endovascular
treatment of thoracic or abdominal aortic aneurysms and
other forms of vascular disease [1, 2]. In the two decades
since Parodi et al. [1] first demonstrated endovascular
aortic repair (EVAR), it has become the dominant treat-
ment modality for patients with aortic aneurysms owing to
its lower postoperative mortality and morbidity rates when
corapared with open surgical aortic repair [3-6]. In addi-
tion, the development of mature, commercially available
devices has further contributed to the popularity of EVAR.

Although significant improvements in endovascular
techniques and devices have been achieved, late aortic
complications such as endoleaks and stent migration still
need to be addressed. Since most complications are caused
by an angulated or short landing zone [7, 8] and/or the loss
of adaption to late aortic remodeling [9], stent grafts that
conform tightly to the native aorta are considered to be
ideal.

Recently, we developed a self-expanding stent graft
covered with autologous connective membranous tissues
(bio stent graft; BSG) using in-body tissue architecture
technology [10]. The connection between the stent and the
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tissue was extremely robust. The BSGs could easily and
repeatedly shrink from 9 to 2 mm with little damage. In
this study, BSGs were implanted into the infrarenal
abdominal aorta of beagles and their adaptation to the aorta
was evaluated by histological analysis.

Materials and methods
Preparation of BSGs

The experimental animals were beagles (n = 6) aged
10-15 months and weighing 9.5-11.2 kg. Of the six dogs,
three were used to produce BSGs, and the remaining three
were subjected to stent graft implantation. All animals
received care according to the Principles of Laboratory
Animal Care formulated by the National Imstitutes of
Health (Publication No. 56-23, received 1985), and the
research protocol (No. 134034) was approved by the ethics
committee of the National Cerebral and Cardiovascular
Center Research Institute.

BSGs were prepared as described previously [10].
Briefly, the molds for the preparation of BSGs were
assembled with cylindrical acryl rods (outer diameter
8.6 mm, length 40 mm), produced using a three-dimen-
sional printer (ProJet HD 3000; 3D Systems; Rock Hill,
SC, USA), and self-expanding nitinol metal stents (Lum-
inexx: diameter 6.0 mm, length 36 mm; BARD: Karlsruhe,
Germany; adjusted to an internal diameter of 9.0 mm by
Piolax Medical Devices; Yokohama, Japan). The molds
(n = 9) were embedded in triplicate into the dorsal sub-
cutaneous pouches of three beagles. After 4 weeks, har-
vested BSGs were obtained by trimming the excessive
connective tissue and removing the acryl rods,

Implantation of BSGs

The BSGs were compressed using a hand crimping device
and placed into 10-Fr handmade deployment sheaths prior
to implantation. The beagles were anesthetized via intra-
muscular injection of ketamine hydrochloride (20 mg/kg)
maintained via intravenous injection of sodium pentobar-
bital (15 mg/kg). The beagles were placed in the supine
position, and a longitudinal incision was made in the right
groin. Then, the right femoral artery was exposed and
encircled. Before the endovascular procedure, an intrave-
nous injection of heparin (100 TU/kg) was administered. A
6-Fr sheath (Medi-kit; Tokyo, Japan) was inserted, pri-
marily for preoperative aortography, using the Seldinger
method [11]. After evaluating the anatomical features of
the abdominal aorta and confirming the origins of the renal
arteries by digital subtraction angiography, the 6-Fr sheath
was exchanged for the 10-Fr handmade deployment sheath

236

housing the bio stent graft. The 10-Fr deployment sheath
was inserted into the abdominal aorta along a 0.035-in
guide wire, and the BSG was deployed in the infrarenal
abdominal aorta. The proximal edge of the graft was placed
10 mm distal to the lower (right) renal artery. After the
aortography was completed, the deployment sheath was
removed from the aorta. Subcutaneous injections of hepa-
rin (100 U/kg per day) were administered for 7 days to
avoid acute intraluminal thrombosis following the
implantation of the BSGs.

Euthanasia and tissue harvesting

Aortography was performed 1 month after the implantation
of the stent. The patency and anatomical changes of the
abdominal aorta were examined. Then, the beagles were
euthanized and their infrarenal abdominal aortae were
harvested via laparotomy. The abdominal aorta containing
the stent graft was opened longitudinally to allow for
macroscopic evaluation.

Histological examination

The harvested BSGs and the surrounding abdominal aorta
were washed with saline and fixed with 10 % formalde-
hyde in a phosphate-buffered saline solution for 48 h,
before being embedded in paraffin and subsequent exami-
nation by light microscopy. Circumferential sections of the
middle regions of the BSGs and longitudinal sections of
their edges were prepared and subjected to standard
hematoxylin-eosin, Masson’s trichrome, and Elastica van
Gieson staining. Immunohistochemistry was performed
using monoclonal antibodies against mouse o-smooth
muscle actin (a-SMA; Abcam, Cambridge, UK, ab7817,
1/100 dilution).

Results

BSGs were easily and accurately implanted into the in-
frarenal abdominal aortae of beagles using 10 Fr deploy-
ment system (Fig. 1a, b). Post-deployment intraluminal
balloon touch-up was not performed to avoid aortic injury.
No malpositioning or deformity of the stent grafts was
observed during implantation. Upon completion of the
implantation, the lumbar arteries in the covered regions
were only detected by angiography in the delayed phase,
suggesting that there was no antegrade blood flow through
the proximal landing zone (Fig. 1c).

Follow-up aortography, which was performed
1 month after graft implantation, demonstrated patent
abdominal aortae without aneurysmal changes or
migration of the BSG. In addition, no antegrade blood
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Fig. 1 a Aortography was performed before the deployment of the
Bio stent graft (BSG) to confirm the anatomical features of the
abdominal aorta. We planned to cover the lumbar arteries that are
marked with yellow arrows. b The BSG (white arrows) was
implanted precisely by pulling the outer sheath of the 10 Fr

Fig. 2 a Follow-up
aortography performed 30 days
after stent implantation revealed
a patent abdominal aorta
without aneurysmal changes
and that the BSG had not
migrated. In addition, no
antegrade blood flow was
detected in the covered lumbar
arteries (yellow arrows). b The
intraluminal surface of the graft
was extremely flat and no
thrombi were detected. ¢ The
walls of the BSG had
completely fused with the native
aorta. d At the junction between
the native sorta und the BSG,
the autologous connective tissue
that comprised the BSG had
been completely covered by
neointimal tissue

flow was detected in the covered lumbar arteries
(Fig. 2a). After harvesting the aortae of the beagles in
which the stent grafts were implanted, we injected
saline from the proximal end of the resected aorta to
detect type la endoleaks; however, no saline was
extruded from the covered lumbar arteries.

@ Springer

deployment system. ¢ A completion angiogram after the implantation.
The Jumbar arteries in the covered regions were detected using
angiography only in the delayed phase (yellow arrows), suggesting
that there was no antegrade blood flow through the proximal landing
zone

When the aortic specimens were opened longitudinally,
the intraluminal surface was found to be extremely flat, and
no thrombi were detected (Fig. 2b). The walls of the BSGs
had completely fused with the native aorta and could not be
dissected (Fig. 2c). At the junction between the native
aorta and the stent graft, the connective tissue membrane of
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<Fig. 3 Circumferential cross sections of a BSG stained with hema-
toxylin-eosin (a), Masson-Trichrome (b), and Elastica van Gieson (c).
The thickness of the BSG wall was homogeneous. The stents were
completely embedded in connective tissue (thickness: approximately
150 pm). The BSG walls were mainly composed of dense collagen.
Histological images of hematoxylin-eosin- (e), Masson-Trichrome-
(f), and Elastica van Gieson- (g) stained sections of the abdominal
aorta taken 30 days after BSG implantation (mid-portion of the stent
graft, circumferential section). The BSG walls were tightly attached
to the native aorta. A high-powered field of a hematoxylin-eosin-
stained section (g), which demonstrated that neointimal tissue had
formed on the luminal surface and an endothelial lining had
developed (thickness of the neointima: 250 pm). Longitudinal section
of the aorta stained with Elastica van Gieson (h). Smooth neointimal
formation was seen at the stent graft edge (arrow: junction between
the native aorta and stent graft). Thinning of the media was observed
at the stent graft attachment site. In «-SMA staining of the sections, a
number of a-SMA-positive cells were found in the BSG wall and
peointima (i) (arrow: luminal surface). From examinations of high-
powered fields, it was suspected that o-SMA-positive cells had
migrated from the media of the native aorta to the BSG wall (j). Scale
bars a, b, ¢, d, e and f: 500 pm; g: 100 pm; b: 1 mm; i 200 pm; j:
100 pm

the BSGs had been completely covered by neointimal tis-
sue (Fig. 2d).

Before implantation, the extracellular matrix of the
BSGs consisted primarily of collagen with no elastic fiber
(Fig. 3a, b, ¢). The thickness of the BSG wall was homo-
geneous (approximately 150 pm). After implantation, the
thickness of the BSG wall was mostly unchanged, and the
intima of the native aorta, which was located outside of the
BSG wall, had regressed (Fig. 34, e, f). Strong attachment
was observed between the native aorta and the BSG wall.
The formation of neointimal tissue and excellent endo-
thelialization were observed in the complete region cov-
ered by the BSG (Fig. 3g). The edges of the BSG were
completely covered by smooth neointimal tissue without
any dead spaces (Fig. 3h).

a-SMA staining of sections of the grafts revealed a
number of o-SMA-positive cells in the BSG wall and
neointima (Fig. 3i). Examinations of high-powered fields
suggested that a-SMA-positive cells had migrated from the
media of the native aorta to the BSG wall (Fig. 3j).

Discussion

EVAR was first performed in a patient with an abdominal
aortic aneurysm by Parodi et al. [1], and it has been
increasingly applied to thoracic aortic aneurysms and aortic
dissection as the technology has evolved [2]. Since the
endovascular approach does not require thoracotomy, lap-
arotomy, or cardiopulmonary bypass, it is less invasive
than conventional open surgical repair. Thus, it has become
the first-line treatment for high-risk patients, provided that
their aortic anatomies are suitable [12].

@_ Springer

The evolution of commercially available stent grafts has
also resulted in improvements in successful delivery rate
and long-term outcomes. However, while a number of
multicenter clinical studies have demonstrated that EVAR
is associated with low postoperative mortality and mor-
bidity rates, the frequency of reintervention during the
follow-up period remains high [13, 14]. Reinterventions are
mainly associated with type 1 endoleaks and/or migration
caused by the loss of attachment between the stent graft
and the native aorta. Since the walls of commercially
available stent grafts are composed of expanded polytet-
rafluoroethylene or polyester, they do not integrate with the
native aorta, even after Jong periods. Therefore, developers
of commercially available devices have tried to ensure that
such stent grafts adhere tightly to the landing zone of the
aorta in various ways, such as by putting metailic barbs at
the proximal end of the graft or adding a skirt to minimize
the risk of type 1 endoleaks, Despite these innovations,
good stent graft conformity and tight attachment between
the native aorta and stent graft have not been achieved. A
previous report examining stent graft explantation due to
major complications of EVAR detected little endoluminal
incorporation in most cases, which suggested poor neoin-
timal growth in the stent graft landing zone [15].

To produce a stent graft with greater biocompatibility,
we attempted to develop autologous tissue-engineered stent
grafts (BSGs). In this study, we developed an autologous
tissue-covered stent graft using in-body tissue architecture
technology. In-body tissue architecture technology has the
following advantages: (1) the prosthesis does not induce
immunological rejection, (2) the prosthesis has the poten-
tial to grow with the recipient, (3) the materials are bio-
compatible, and (4) the fabrication process does not require
in vitro cell management or a clean laboratory facility. Of
the above-mentioned advantages, we emphasize that our
BSGs particularly benefit from the latter two.

The greatest benefit of this approach is that it allows for
the development of a stent graft without the addition of
attachment sutures between the metal stent and graft fabric,
which is time-consuming and difficult techmically. In
addition, it would have been more difficult to fabricate
tissue-covered stent grafts using a cell-seeding technique
[16]. Since the metal stents in our stent grafts were com-
pletely covered with connective tissue, the BSGs had a low
profile and could easily be housed in 10-Fr delivery
sheaths. Thus, the BSGs could be implanted via a femoral
approach.

As we reported previously, the elastic modulus of the
walls of the BSG was approximately twice as high as that
of the beagle abdominal aorta [10]. Regarding the dura-
bility of in vivo tissue-engineered cardiovascular materials,
‘Watanabe et al. [17] described the thickness and tensile
strength of an in-body tissue-engineered graft (biotube)
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that was implanted into the carotid artery of a rabbit. They
reported that the thickness and tensile strength of the graft
were approximately twice as high at 26 months after
implantation than they were before implantation. In addi-
tion, Takewa et al. [18] confirmed the in vivo durability of
an in-body tissue-engineered valve (a biovalve), which was
implanted into a goat as part of an apicoaortic bypass, at
2 months after its implantation. In the present study, we
focused on ensuring that the BSGs developed a strong
attachment to the native aorta, as we considered that such
attachment would be indicative of good performance at the
landing zone. Therefore, no aortic aneurysm model was
used. However, based on our previous findings regarding
in vivo tissue-engineered materials, the walls of our BSGs
are expected to become thicker, and hence, we consider
that they would be able to endure the systemic pressure that
would be placed upon them in aneurysm models.
Achieving early neo-endothelialization and tight
attachment to the native aorta were regarded as important
goals for developing ideal aortic stent grafts. Regarding
previous studies, several reports have described early
results for basic fibroblast growth factor (bFGF)-releasing
aortic stent grafts that were implanted into animal models
[19, 20]. In these studies, the bFGF-releasing aortic stent
grafts significantly accelerated the proliferation of neoin-
timal tissue when compared with the control models. Such
bFGF-releasing stent grafts might resolve some of the
issues associated with EVAR; however, the walls of these
stent grafts, which are made of expanded polytetrafluoro-
ethylene, do not completely integrate with the native aortic
wall. In the present study, the BSG wall completely fused
with the native aorta. Furthermore, the intraluminal surface
of the BSG had been entirely covered by smooth neointi-
mal tissue within a month and no thrombosis or stenosis
had occurred. Histological examinations performed after
implantation of the BSGs demonstrated that the following
changes had occurred: (1) o-SMA-positive cells had
invaded into the BSG wall and neointima, and (2) the early
formation of neointimal tissue and neo-endothelialization
were observed on the luminal surfaces of the grafts. These
two changes were considered to be unique to the BSGs and
would not have been seen after the implantation of con-
ventional stent grafts, the fabric portions of which are made
of polyester or expanded polytetrafluoroethylene. The
invasion of a-SMA-positive cells into the BSG wall, which
consisted of tissue-engineered connective tissue, likely
contributed to the strong attachment that was observed
between the native aorta and BSG after implantation.
Furthermore, the early neo-endothelialization would have
influenced the creation of a smooth luminal surface at the
junction between the BSG and native aorta. The above-
mentioned in vivo adaptations might also have aided in the

prevention of some of the complications associated with
EVAR, such as type 1 endoleaks and migration.

As shown in Fig. 2f, thinning of the media was observed
after BSG implantation. In addition, similar histological
changes were reported in a previous animal study [21] and
clinical report [9]. Such changes might be inevitable
because stent grafts have to possess a strong radial force to
achieve tight attachment. In the present study, the migra-
tion of o-SMA-positive cells into the BSG wall was
observed; thus, we expect that aortic structures such as
medial tissue containing dense elastic fibers would have
developed around the stent struts in time, reinforcing the
thin aortic media.

In our previous study of in vivo tissue-engineered small-
caliber vascular grafts (biotubes), all grafts without anti-
thrombogenic coating had become occluded within 2 weeks
[22] because the original biotubes were composed of col-
lagen fibers and fibroblasts. Thus, we established a method
involving argatroban loading prior to implantation to avoid
graft thrombosis during the acute phase following implan-
tation [23]. In the present study, argatroban loading was not
performed prior to implantation because the diameter of the
stent graft was considered to be sufficiently large and the
velocity of the blood flow through the aorta is much higher
than that of the peripheral arteries. As predicted, no in-stent
graft thrombosis occurred after implantation. In addition to
the tremendous velocity and large caliber of the aorta, the
early neo-endothelialization mentioned above might have
had anti-thrombogenic effects.

Conclusion

Our developed BSGs were implanted into an animal model.
After implantation into the abdominal aortae of beagles as
allografts, the BSGs integrated with the native aorta within
1 month while exhibiting excellent neo-endothelialization.
The findings of the present study indicate that these BSGs
might solve some of the issues associated with EVAR.
Further studies in aneurysm and atherosclerotic aortic
models are necessary to confirm the high performance of
our BSGs for clinical applications.
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Sutureless aortic valve replacement using a novel autologous
tissue heart valve with stent (stent biovalve): proof of concept
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Abstract We developed an autologous, trileaflet tissue
valve (“biovalve™) using in-body tissue architecture
technology to overcome the disadvantages of current
bioprosthetic valves. We designed a novel biovalve with
a balloon-expandable stent: the stent biovalve (SBV).
This study evaluated the technical feasibility of suture-
less aortic valve replacement using the SBV in an
orthotopic position, as well as the functionality of the
SBYV under systemic circulation, in an acute experimental
goat model. Three adult goats (54.5-56.1 kg) underwent
sutureless AVR under cardiopulmonary bypass (CPB).
The technical feasibility and functionality of the SBVs
were assessed using angiography, pressure catheteriza-
tion, and two-dimensional echocardiography. The su-
tureless AVR was successful in all goats, and all animals
could be weaned off CPB. The mean aortic cross-clamp
time was 45 min. Angiogram, after weaning the animals
off CPB, showed less than mild paravalvular leakage and
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central leakage was not detected in any of the goats. The
mean -to-peak pressure gradient was 6.3 + 5.0 mmHg.
Epicardial two-dimensional echocardiograms showed
smooth leaflet movement, including adequate closed
positions with good coaptation; the open position dem-
onstrated a large orifice area (average aortic valve area
2.4 £ 0.1 cm®). Sutureless AVR, using SBVs, was fea-
sible in a goat model. The early valvular functionalities
of the SBV were sufficient; future long-term experiments
are needed to evaluate its durability and histological
regeneration potential.

Keywords Tissue engineered heart valve - Autologous
tissue - Aortic valve - Aortic valve replacement - Sutureless
valve

Introduction

Advances in the treatment of heart valvular disease over
the past decade have resulted in an increased probability
of cure and an enhanced quality of life. Bioprosthetic
valves are increasingly selected as heart valve substitutes
over mechanical valves because of their associated free-
dom from continuous anticoagulation [1, 2]. However,
bioprosthetic valves have the disadvantage of being sub-
jected to time-related structural deterioration, especially
in younger people [3]. Tissue engineered heart valves
(TEHVs) have the potential to overcome this limitation
[4-7]. Some TEHVs have already been approved for
clinical use, but only as pulmonary valves, not as aortic
valves [6, 7].

Our group developed an autologous, trileaflet tissue
valve (“biovalve”) using in-body tissue architecture
(IBTA) technology. IBTA technology is a novel
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Fig. 1 The specially designed mold with stent for creating the stent
biovalve (a). The mold is embedded in a subcutaneous pocket in a
goat model (b-c). After 2 months, the mold, encapsulated with

regenerative medicine concept [8-12] that is based on the
tissue encapsulation of foreign materials in the subcuta-
neous space. We believe that biovalves will become very
useful aortic valve substitutes because of their good
durability, even in systemic circulation in vitro and
in vivo [11, 12].

In this study, we designed a biovalve with a balloon-
expandable stent; the stent biovalve (SBV), for sutureless
aortic valve replacement (AVR). We evaluated the tech-
nical feasibility of sutureless AVR using SBV in the
orthotopic position, and the functionality of the SBV
under systemic circulation in an acute experimental goat
model.

@ Springer

connective tissue, is harvested (d). Excess tissue is trimmed from the
valve after removal of the mold (e-i). Crimped valve and its original
holder (i)

Materials and methods

Experimental approval

All animals received care that was compliant with the
principles of good laboratory animal care. Our institutional
animal care and use committee approved the protocols (No.
13034, 14016) used in the present study.

Preparation of the stent biovalve

In consideration of the efficiency of this preliminary study,
we planned to make plural valves in one goat and reserve
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