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a: Stent graft
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b: Bare-metal stent
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Fig. 8. Low-power cross-section photomicrograph of an aneurysm treated with a microporous, self-expanding stent graft and self-expanding bare-metal stent harvested at 6
and 12 months after implantation (hematoxylin-eosin staining). Organized thrombus formation within the aneurysm (asterisk) and mild intimal fibrocellular proliferation of
the parent vessel wall (circle) is observed in both stent types. The neck of the aneurysm (arrows) corresponds to the arterial wall defect at the side-to-end anastomotic site of

the carotid artery and the venous pouch.

[35]. The coiling of giant intracranial aneurysms may, in fact,
aggravate the symptoms due to a mass effect [36], and fatal
hemorrhage is known to occur after incomplete occlusion [37].

Stenting of cerebral aneurysms is based on the assumption that
the metallic struts induce alterations in the blood flow dynamics
within an aneurysm and therefore, induces and promotes
thrombus formation and fibrosis within the residual aneurysmal
lumen [17]. Intravascular stents are thus a potential treatment for
aneurysms, especially large, fusiform aneurysms. The stents may
pose lesser risk to the parent vessel and a lower risk of aneurysmal
rupture than coils. :

The long-term durability of the aneurysmal coil occlusion
assisted by the new intracranial self-expandable stent (Neuroform;
Stryker Neurovascular, Fermont, California, USA) has been reported
to be stable after the first year in patients (n =41) with intracranial
wide-necked aneurysms (mean neck size, >5.33mm) [7]. The

a: Stent graft

procedure-related morbidity and mortality in 237 wide-neck
intracranial aneurysms of 232 patients were 4.2 and 2.3%,
respectively, mainly due to thromboembolism [5]. Further, in
36.1% (22 of 61) patients with complex aneurysms of a dome-to-
neck ratio of <2 or a neck diameter >4mm and that were
inaccessible by conventional coil embolization, progressive occlu-
sion by stent-assisted coiling was observed on angiographic follow-
up imaging(mean,19.42 months), possibly due to flowdiversion [6].
The process of intimal hyperplasia can occur as early as 2 weeks to 6
months after stent deployment [38]. Therefore, the administration
of concomitant anticoagulants (heparin and aspirin) is recom-
mended during stenting {39]. With tantalum and stainless steel
stents, the thickest neointimal build-up has been typically found at
8 weeks, decreasing by 26 weeks after the completion of the
reparative process in the normal canine aorta, common iliac artery,
and the coronary artery [40]. For stent-assisted coiling (Neuroform;

b: Bare-metal stent

Fig.9. Low-power cross-section photomicrograph of an aneurysm treated with a microporous, self-expanding stent graft and self-expanding bare-metal stent harvested at 6
and 12 months after implantation (hematoxylin-eosin staining). Organized thrombus formation within the aneurysm (asterisk) and mild intimal fibrocellular proliferation of
the parent vessel wall (circle) is abserved in both stent types. The neck of the aneurysm (arrows) corresponds to the arterial wall defect at the side-to-end anastomotic site of

the carotid artery and the venous pouch.
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Fig. 10. Statistical analysis of intimal thickness. Repeated-measures ANOVA revealed that the intimal hyperplasia was lower in the group treated with microporous stent
grafts than in the group treated with bare-metal stents, at all time points (p < 0.0001 at 1 month, p=0.0141 at 6 months, and p < 0.0001 at 12 months). However, no
statistically significant intragroup difference (p=0.1986) was noted in the bare-metal stents or hybrid stent grafts across the different time points.

Stryker Neurovascular, or Enterprise; Cordis Neurovascular, Miami,
Florida, USA), in-stent stenosis is reported to be uncommon,
occurring in 2.5% (11 of 435) patients [41]. The porosity of 12.6% in
microporous balloon expandable stents grafts was optimal for
lesser intimal hyperplasia, when used for the occlusion of side-wall
canine aneurysmal models [19,21,23]. According to this result, the
porosity of 23.6% compared with the porosity of 12.6% was
calculated and used in microporous self-expanding stent grafts
[19]. Microporous self-expanding stent grafts with a porosity of
23.6% have been demonstrated to be associated with lesser intimal
hyperplasia as compared to bare-metal stents with porosity of 86%
or microporous stent grafts with porosity of 12.6%, at 1 month of
aneurysmal occlusion [19]. Similarly, in the current study, the
intimal hyperplasia observed in the hybrid microporous stent grafts
was lesser than that noted in bare-metal stents throughout 12
months. The intimal hyperplasia was the thickest at 6 months,
irrespective of the type of stent. Of course, the aneurysmal model
used herein is not representative of saccular aneurysm (the
commonest type), that occur at branching points.

Endovascular reconstruction with the PED represents a safe,
durable, and curative treatment of selected wide-necked, large, and
giant cerebral aneurysms [12]. The angiographic obliteration rates
for PED were 91.2% (persistent filling, 8.4%) at 6 months and 94.6%, at
up to 24 months, without retreatment in 251 aneurysms of 191
patients [ 13]. The morbidity and mortality rates were low, at 1% and
0.5%, respectively, with an event rate of 14.1% (27/191) [13]. Further
occlusion occurred over a fairly long period (mean follow-up period,
5.9 months) after the initial incomplete occlusion of the aneurysms.
Therefore, PED has been reported to be inappropriate for treating
ruptured aneurysms due to continued endoleaks [12]. In contrast,
the novel hybrid stent graft described in the present report showed
almost instant occlusion of the aneurysms, occurring within minutes
of stent deployment. Thus, this hybrid stent may potentially be used
for the occlusion of ruptured aneurysms.

When the hybrid microporous stent graft was deployed as a
balloon-expandable stent graft, all side-branches remained patent
along with the occlusion of the aneurysms in elastase-induced

rabbit carotid aneurysms for a 12-month period [42]. The present
study demonstrated the successful long-term occlusion of canine
carotid aneurysms, while maintaining the patency of the parent
artery.

Stent grafts are thus a promising modality for the complete
occlusion of aneurysms. An ideal covering for endovascular devices
is expected to successfully occlude the aneurysm, preserve the
arterial branches and perforators, and avoid parent vessel stenosis.
To fulfill this need, we developed the hybrid self-expanding stent
graft, described herein, for the treatment of large or giant cerebral
aneurysms; this hybrid stent combines the merits of simple bare-
metal stents and fully covered stents, while overcoming their
individual disadvantages. We aim to evaluate the patency of
arterial side-branches and perforators as well as the placement of
such hybrid stents at curved vasculature sites in a future study
involving a rabbit aneurysm model.

Although we have demonstrated the possibility of using hybrid
stents for the occlusion of experimental side-wall aneurysms, stiff
self-expanding stent struts remain an unresolved issue for use in
the clinical setting.

5. Conclusion

The novel hybrid microporous self-expanding stent graft
described in the present paper was useful for the successful
complete occlusion of experimentally induced canine side-wall
aneurysms, which persisted through 12 months. Further studies
are required for evaluating the clinical application of these hybrid
stent grafts in the treatment of large, giant, or dissecting carotid
aneurysms.
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Abstract: Reconstructive surgery for tumor resection, trauma,
and congenital anomaly involves volume augmentation with
autologous tissue transfer. However, a healthy region is dam-
aged as a donor site, and the autologous tissue is transferred
like & patchwork to the recipient site. We have attempted to
induce adipogenesis activity in artificial biomaterial that is
injectable with an injection needle for soft tissue augmenta-
tion. First of all, the optimal dose of pioglitazone hydrochlor-
ide was examined with adipo-precursor cells in terms of the
proliferator-activated receptor-y mRNA expression levels
affected by reagent in vitro. Then, salmon collagen with pio-

glitazone was adjusted in terms of the dose and the salmon
collagen was injected into mouse back using an injection
needle in vivo. At 4 weeks after implantation, the pioglitazone
collagen gel was substituted by mature adipocytes in com-
parison with the case for control collagen ge! without piogli-
tazone. These results are indicative of the possibility of
promoting adipogenesis using collagen with pioglitazone as
an adipose-inductive substance. © 2014 Wiley Periodicals, Inc. J
Biomed Mater Res Part B: Appl Biomater, 103B: 92-86, 2015.
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INTRODUCTION

In recent years, advances in medicine have spectacularly
improved the survival rate in tumor resection, trauma, and
congenital anomaly. However, some patients cannot obtain a
sufficient quality of life because of poor appearance after
treatments, At present, reconstructive surgery for tumor
resection, trauma, and congenital anomaly involves volume
augmentation with autologous tissue transfer However, a
healthy region is damaged as a donor site, and the autolo-
gous tissue is transferred like a patchwork to the recipient
site. Therefore, the quality of life of patients is not improved
sufficiently.

Now, a new tissue transfer method without the problems
at donor and recipient sites is required. We have attempted
to induce adipogenesis activity in artificial biomaterial that is
injectable using an injection needle, with the goal of its clini-
cal application. To achieve this, pioglitazone hydrochloride
was selected because it has been applied in clinical treatment
as a diabetic medicine and has been reported to induce adi-
pogenesis via peroxisome proliferator-activated receptor-y
(PPAR-).#

As an injectable artificial biomaterial, salmon collagen
was selected because it is clinically available and should

Correspondence to: M. Yazawa (e-mail: prsyazawa@gmail.com)

work as a scaffold for adipose tissue by ligand protein inter-
action.>”7

First of all, the optimal dose of pioglitazone was exam-
ined. Then, salmon collagen with pioglitazone was adjusted
in terms of the dose and the salmon collagen was injected
using an injection needle in vivo. Finally, adipogenesis at the
recipient site was estimated in terms of the function of the
artificial material as a transplant bed for adipogenesis.

MATERIALS AND METHODS
Animal care
The experimental procedure was authorized and reviewed
by the Keio University Experimental Animal Center Commit-
tee (Approval no. 10256(0)).

Forty C3H/He/N mice {8 weeks, male, body weight 25-
30 g; purchased from Charles River Laboratories Japan Inc,
Tokyo, Japan) were used in the current study. All surgeries
were performed in an animal-operating suite at the
university.

Histological analysis
All tissue samples were obtained by mouse experiment and
were fixed in 10% formalin and embedded in paraffin.
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Subcutaneous transplanted materials were histologically
evaluated.

Adipose precursor isolation and cell culture
To study adipo-precursor cells in terms of their PPAR-y
mRNA expression levels induced by the reagent in vitro, we
isolated cells from the subcutaneous fat pad tissue of mice
at a lower-back site. Briefly, tissue was minced and incu-
bated for 1 h at 37°C in a rotary shaking bath at 100 rpm
in digestion buffer containing collagenase (5 mg/mL) before
being filtered through a 400-um nylon mesh. The adipo-
precursor cells were washed twice with serum-free Dulbec-
co’s modified Eagle’s medium (DMEM) (pH 7.4, 10 nM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), con-
taining penicillin/streptomycin) and incubated at 37°C
under sterile tissue culture conditions. The adipo-precursor
cells were expanded in bulk culture to avoid any biases
resulting from cloning, and subjected to further analysis.
For cell proliferation assay, we used “passage two” adi-
pose precursor cells as this would eliminate the hemato-
cytes. About 1 X 10° cells were seeded into six cell culture
plates in triplicate and counted at 14 days. For the induc-
tion of PPAR-y mRNA expression, 100, 10, and 1 pM piogli-
tazone (pioglitazone hydrochloride, Tokyo Chemical
Industry, Tokyo, Japan), 200, 20, and 2 ng/mL insulin-like
growth factor (IGF) 1 (PeproTech, NJ), and 200, 20, and 2
ng/mL IGF2 (PeproTech, NJ) were each added to the culture
medium.

Quantitative reverse transcription PCR

Total RNAs were extracted with the RNeasy Mini kit (Qiagen,
Valencia, CA) and reverse-transcribed using the SuperScript 111
RT-PCR system (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. We did not change the media for 2
weeks for the induction of adipocytes. One microliter of cDNA
sample was amplified by PCR gene-specific primers. For quan-
titative RT-PCR (qRT-PCR), reactions were performed in tripli-
cate using Fast Start Universal Probe Master (Roche Applied
Science, Penzberg, Germany). The primer sets were as follows:
for mouse PPAR-y: 5'-ATCATCTACACGATGCTGGCC-3' (for-
ward), 5-CTCCCTGGTCATGAATCCTTG-3’ (reverse); and for
GAPDH: 5'-CACCATGGAGAAGGCCGGGG-3" (forward), 5'-GACG
GACACATTGGGGGTAG-3' (reverse).

Statistical analysis

Data are expressed as mean = SE (standard error). The rela-
tive mRNA expression levels were compared using unpaired
t-test and all statistical analyses were performed using Stat-
cel software (OSM, Japan). The results were judged signifi-
cant at p < 0.05.

Adipogenesis by artificial biomaterial with pioglitazone

in vivo

Nine C3H/He/N mice were used and maintained under spe-
cific pathogen-free conditions throughout this experiment.
The optimal dose of pioglitazone was determined to be 10
WM by previous cell proliferation assays. About 0,.5% salmon
collagen particles with and without pioglitazone (10 pM)

ORIGINAL RESEARCH REPORT

Cell: Adipo Precusor Cell
in vitro culture 2wks

GqRT-PCR

PPAR-y/GAPDH mRNA expression

*: p< 0.05

FIGURE 1. Pioglitazone and |GFs up-regulated PPAR-y mRNA levels in
mouse adipo-precursor cells. Mouse adipo-precursor cells were incu-
bated for 2 weeks with pioglitazone, IGF1, or IGF2 at the indicated
doses, and PPAR-y mRNA levels were determined by gRT-PCR.
*p<0.05 versus control. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

(0.9 g each, both from IHARA & Co., Ltd, Japan) were pro-
duced as follows. The salmon atelocollagen W/0 (water in
oil) emulsion was made by span20 (sorbitan monolaurate).
The salmon collagen crosslinked by EDC (1-ethyl-3-(dime-
thylaminopropyl) carbodiimide hydrochloride) was settled
down as particles to the water phase of 50% (vol/vol)
EtOH. Dried particles were mixed with pioglitazone (10 pM)
solution and aspirated. The collagen particles with and
without pioglitazone were dispersed in 0.9 mL of saline.
About 0.1 mL of collagen gel with and without pioglitazone
was injected under bilateral dorsal skin layer using an 18-G
injection needle. The mice were then sacrificed and eval-
uated pathologically at 1, 2, and 4 weeks after operation.
Three replicate samples were performed for each test. In
addition, the area of adipose tissue was calculated in the
histologic sections using software (Photoshop 7.0, Adobe,
USA).

RESULT

Pioglitazone and IGFs up-regulated PPAR-y mRNA levels
PPAR-y is considered to be one of the master regulators of
adipocyte differentiation (Figure 1), To evaluate the poten-
tial effects of pioglitazone and IGFs on PPAR-y expression,
we exposed mouse adipo-precursor cells to these substan-
ces for 2 weeks and performed gRT-PCR. As shown in Fig-
ure 1, the dose responses of the expression level of PPAR-y
mRNA with pioglitazone, IGF1, IGF2, and control (without
any reagent) were quantitatively analyzed in cultured cells.
The PPAR-y expression levels were efficiently up-regulated
dose-dependently by all reagents, whereas 100 pM pioglita-
zone caused cell toxicity (mean relative levels: pioglitazone
1 puM vs. 10 pM vs. 100 uM =0.21 vs. 5.11 vs. 1,.64; mean
relative levels: IGF1 2 ng/mL vs. 20 ng/mL vs. 200 ng/
mL = 0.31 vs. 0.14 vs. 4.71; mean relative levels: IGF2 2 ng/
mL vs. 20 ng/mL vs. 200 ng/mL =534 vs. 9.16 vs. 6.80).
The effective induction abilities of PPAR-y by pioglitazone
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FIGURE 2. Photomicrographs of sections from implanted collagen gel after 1 week and 4 weeks. At 1 week after implantation, both the collagen
gels were observed without any immune elimination (a, b). At 4 weeks after implantation, the pioglitazone collagen gel (c) was substituted by
mature adipocytes (arrow heads) in comparison with the case for control gel (d). (a, c) Collagen gel with pioglitazone at 10 pM; (b, d) collagen
gel only (H&E staining, original magnification 100x and insets 400x). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.)

and IGFs were not significantly different from the control
(n=13; p>0.05).

Quantification of induced adipose tissue in vivo

We evaluated the time course of the areas of adipose tissue
induced by pioglitazone/collagen gel (induced group) that
was comprised of mature adipose cells relative to the total
implanted gel area (Figures 2 and 3). For mature adipose
cells observed at the edge of the pioglitazone/collagen gel
after one week of implantation, the average area percentage
was 4.29%. In contrast, few adipose cells were observed in
the collagen gels without pioglitazone (control group); the
average area percentage was 0.343%. The collagen gels
without pioglitazone as a control began to degrade without
the induction of adipose cells from 2 weeks. In contrast, in
the collagen gels with pioglitazone as an induced group,
the replacement of adipose cells was observed. The induced
group had higher proportions of adipose cells in the gels in
a time-dependent manner after 2 weeks and 4 weeks. The
average area percentages were 5.36% in the induced group
and 0.394% in the control group after 2 weeks. They were

94 YAZAWA ET AL,

17.7% in the induced group and 1.20% in the control
group after 4 weeks, as shown in Figure 3. There were
statistically significant differences between the induced
group and the control group (p < 0.05).

O Pioglitazone
@ Control J

154

2

* :P<0.01
* : P<0.05
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FIGURE 3. Area percentages of induced adipose tissue in vivo. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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DISCUSSION

In the field of reconstructive surgery, operative techniques
for autologous tissue transfer and medical technology in
artificial materials have improved. To obtain autologous tis-
sue, however, there is still a need for a donor site in a
healthy body area, which is sutured to the recipient site like
a patchwork for volume augmentation. This is not ideal in
terms of patient satisfaction. In the case of hard tissue, arti-
ficial bone has already been developed into block and liquid
types with processability for clinical applications, while lig-
uid artificial bone is injectable with an injection syringe. On
the other hand, in the case of soft tissue, various methods
have been reported for fat augmentation.>'® However, these
reports require a healthy donor site and the obtained
results have not always been stable in the long-term. For
example, fat tissue is taken from a small incision at a
healthy area of a patient by suction and the fat tissue is
injected into the recipient area of the patient using a
syringe.!* Besides, Kimura et al. reported a combination
method involving autologous fat cells and artificial mate-
rial.}? The volume rate of grafted fat tissues is, nevertheless,
unstable and unpredictable, with most of the volume being
absorbed as time passes. These lines of evidence indicate
the possibility of repetitive operations and overdose of fat
grafting. These conventional methods for autologous fat
grafting always need a healthy donor site and the patient is
subjected to an invasive burden by repetitive operations. As
such, the development of a new approach for soft tissue
augmentation has long been anticipated internationally.

In this study, our ideas were based on our previous report
that mesenchymal stromal cells induced adipocytes.’® For an
adjunct to artificial biomaterial, pioglitazone hydrochioride
was focused on as a substance for adipose induction and
maintenance.*"*¢ Youm et al. reported that pioglitazone indu-
ces ectopic adipogenesis via PPAR-y.! Pioglitazone hydrochlor-
ide is already used for diabetic patients in clinical applications.

Therefore, the optimal concentration of pioglitazone for
the efficient induction and promotion of adipose tissue was
examined. The mRNA levels of PPAR~y, which is considered
to be one of the master regulators of adipocyte differentia-
tion,’” were examined by qRT-PCR in vitro. IGF1 and 1GF2
were used for comparison. The concentrations of each sub-
stance, pioglitazone, IGF1, and IGF2, were set at three levels
using examples from previous reports.!®° It was found that
10 pM pioglitazone was associated with a significantly high
PPAR-y mRNA level for adipo-precursor cells (Av. 5.11,
p<0.05). In addition, 100 uM pioglitazone was associated
with a significant difference from the control, but was lower
than that for 10 pM (Av. 1.64, p < 0.05). The effect of 1 pM
pioglitazone was almost the same as the control (Av. 0.21).
About 10 uM was thus set as the optimal concentration of
pioglitazone for adipogenesis of adipo-precursor cells. Next,
pioglitazone was compared with IGF1 and IGF2. It is inter-
esting to note that all levels of IGF2 were associated with
very high levels of PPAR-y mRNA {2 pM: Av. 5.34; 20 uM:
Av. 9.16; 200 uM: Av. 6.80). In the examination of the effect
of IGF1 on the PPAR-y mRNA level, 200 pM was the only
level to show a significant difference from the control
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(Av. 471, p<0.05). About 10 pM pioglitazone was associ-
ated with similar PPAR-y mRNA expression to IGF1 and
IGF2, which are known to be PPAR-y inducers. These results
indicated that 10 uM pioglitazone is reasonable as the opti-
mal level for inducing PPAR-y mRNA expression.

This study was intended to aid the development of clinical
applications, so 10 pM pioglitazone was examined in vivo.
Salmon collagen, as an injectable artificial biomaterial, was
chosen here as it is clinically available and should work as a
scaffold for adipose tissue by ligand protein interaction.*” We
think that the preferable size of collagen particles for scaffold
of cell proliferation is between 70 ym and 130 pm in diame-
ter, as the cells are between 10 pm and 20 pm in diameter
Our salmon collagen particles are, from our previous results,
223 pm or less in diameter on average. In terms of adjusting
the salmon collagen, we chose 0.3-0.5% solution for the
injectable component-and included 10 pM pioglitazone. This
conditioned collagen with or without pioglitazone was
implanted into mouse back under the skin layer and observed
over time, At 1 week after implantation, both the collagen
gels were observed without any immune elimination. A small
number of fat droplets were observed at the edge of the colla-
gen gel with pioglitazone. At 4 weeks after implantation, the
collagen gel with pioglitazone was substituted by mature adi-
pocytes in comparison with the case for the collagen gel with-
out pioglitazone. We think that the source of mature
adipocytes in collagen gels is migrated mesenchymal stem
cells or migrated adipo-precursor cells and that the nourish-
ment for adipocytes in collagen gels is from both peripheral
vessels and indirect diffusion. These results are indicative of
the possibility of promoting adipogenesis by collagen supple-
mented with pioglitazone as an adipose-inductive substance.

In future, if larger volumetric adipogenesis becomes a
reality, this result should be highly promising for the follow-
ing factors:

1. Soft tissue augmentation after tumor resection;

2. Prevention of wound contracture and promotion of
wound healing;

3. Prevention of perforation, scar formation, and stenosis of
intestinal mucosa damaged by digestive endoscopy; and

4. Esthetic improvement of poor form caused by body sur-
face asperity.
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Abstract: In this study, we aimed to describe the develop-
ment of tissue-engineered self-expandable aortic stent grafts
(Bio stent graft} using in-body tissue architecture technology
in beagles and to determine its mechanical and histological
properties. The preparation mold was assembled by insertion
of an acryl rod (outer diameter, 8.6 mm; length, 40 mm) into
a self-expanding nitinol stent (internal diameter, 9.0 mm;
length, 35 mm). The molds (n=6) were embedded into the
subcutaneous pouches of three beagles for 4 weeks. After
harvesting and removing each rod, the excessive fragile tis-
sue connected around the molds was trimmed, and thus
tubular autologous connective tissues with the stent were
obtained for use as Bio stent grafts (outer diameter, approxi-
mately 8.3 mm in all molds}). The stent strut was completely

surrounded by the dense collagenous membrane (thickness,
~150 pm). The Bio stent graft luminal surface was extremely
flat and smooth. The graft wall of the Bio stent graft pos-
sessed an elastic modulus that was almost two times higher
than that of the native beagle abdominal aorta. This Bio stent
graft is expected to exhibit excellent biocompatibility after
being implanted in the aorta, which may reduce the risk of
type 1 endoleaks or migration. ©® 2014 Wiley Periodicals, Inc, J
Biomed Mater Res Part B: Appl Biomater, 103B: 381-386, 2015.

Key Words: endovascular aortic repair (EVAR), covered
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INTRODUCTION
Aortic aneurysms, which can be fatal in cases here they rup-
ture, have been treated surgically using artificial grafts
implanted via thoracotomy or laparotomy for several decades;
however, the mortality rate of such procedures is high owing
to their invasiveness and the frail nature of many patients.
Endovascular aortic repair (EVAR)} using a stent graft
was first performed in humans by Parodi et al, in 19912
Subsequently, endovascular repair of the aorta was first
applied to the thoracic aorta (thoracic endovascular aortic
repair; TEVAR) in 1994 by Dake et al® TEVAR and EVAR
have since become important treatment options for high-
risk patients as they are associated with lower postopera-
tive mortality and morbidity rates compared with open sur-
gical aortic repair*® Although significant improvements
have been made in implantation techniques and medical
devices, late complications such as stent graft migration and

Correspondence to: Y. Nakayama (e-mail: ny@ncve.go.jp)

endoleaks still occur and represent important issues that
need to be rectified. Most of these complications are caused
by an angulated or short landing zone”®”®—which is the
nonaneurysmal cylindrical part of the aorta that is used for
stent graft fixation—and/or a lack of adaptation to late aor-
tic remodeling; therefore, stent grafts with landing zones
that completely adapt to the native aorta would be ideal.
Based on our previous experience with the implantation of
tissue-engineered materials, we consider that stent grafts
constructed using tissue-engineered materials may be able
to easily adapt to native vessels soon after implantation.®*®
We have developed autologous prosthetic tissues using
the in-body tissue architecture technology, which is a novel
and practical approach to regenerative medicine based on
the tissue encapsulation of foreign materials in living
bodies. Such in-body materials have been used to develop
vascular grafts (Biotubes),’ heart valves (Biovalves),’® and
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materials for cardiac reconstruction. The in-body tissue
architecture technology has the following advantages; (1)
the prosthesis barely induces adverse immunological reac-
tions, (2) the materials are biocompatible, (3) the prosthesis
has the potential to grow with the recipient, and (4) the
fabrication of such prostheses does not require in vitro cell
management or clean laboratory facilities.

With regard to in-body tissue-engineered stent grafts, we
have fabricated small-caliber (2 mm) balloon-expandable auto-
logous tissue-covered stents in rabbits, which displayed excel-
lent wall strength and were useful for various endovascular
therapies.!* In this study, we aimed to describe the development
of tissue-engineered self-expandable aortic stent grafts (Bio
stent grafts) using in-body tissue architecture technology in bea-
gles and to determine its mechanical and histological properties.

NMATERIALS AND METHODS

Preparation of the Bio stent graft

The experimental animals were beagles weighing 9.0-
10.5 kg (n=13). All the experimental animals received care
according to the Principles of Laboratory Animal Care for-
mulated by the National Institutes of Health (Publication
No. 56-23, 1985), and the research protocol (No. 13034)
was approved by the ethics committee of the National Cere-
bral and Cardiovascular Center Research Institute.

To determine the most appropriate size for the stent
graft, the diameter of the beagle abdominal aorta was eval-
uated by aortography using a marker pigtail catheter, which
was inserted into the aorta along a 0.035-in guidewire, and
the software Osiri¥ (version 3.9; www.osirix-viewer.com), at
5 points located 10 mm apart from each other (Figure 1).
The first point was located close to the origin of the lower
renal artery. The calculated mean diameter of the beagle
aorta was 7.7 = 0.2 mm. The diameter of the Bio stent graft
was fixed at 9.0 mm, which is 115% larger than the diame-
ter of the native abdominal aorta.

A cylindrical acryl rod (outer diameter, 8.6 mm; length,
40 mm) produced by a three-dimensional printer (ProJet HD
3000, 3D Systems, Rock Hill, SC) and a self-expandable nitinol
metal stent (Luminexy; diameter, 6 mm; length, 36 mm; BARD,
Karlsruhe, Germany, and rememorized to an internal diameter
of 9 mm by Piolax Medical Services, Yokohama, Japan) were
combined to assemble a mold for the Bio stent graft [Figure
2{A)]. Dorsal subcutaneous pouches were created in three
beagles using blunt scissors, and the molds (n =6, two per
beagle) were inserted into each pouch under anesthesia
induced by the intramuscular injection of ketamine (20 mg/
kg) and maintained by the intravenous injection of sodium
pentobarbital (20 mg/kg) [Figure 2(B)]. After 4 weeks, the
molds, covered with connective tissue, were harvested. The six
Bio stent grafts were obtained after trimming the redundant
fragile tissue and removing the acryl rods. One of these grafts
was used for the histopathological examination, and the rest
were used to measure the mechanical properties.

Mechanical properties of the Bio stent graft

The tensile strength of the Bio stent graft (n = 4) was meas-
ured using a tensile strength machine (P&M, Fukushima,
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FIGURE 1. Aortography was performed using a marker pigtail catheter
inserted via the femoral artery. The mean diameter of the abdominal
aorta (7.7 mm in the infrarenal region) was calculated using OsiriX
software. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Japan). As specimens, the graft wall, which covered the stent
struts, was cut in size of 10 mm X 10 mm. The specimens
after fixation to the sample folder were stress-loaded to rup-
ture at a rate of 0.05 mm/s at the direction without disturbing
by the stent strut and maximum elastic modulus was deter-
mined as the maximum slope of the linear section of the
stress-strain curve, For use as controls, tubular connective
tissues (10 mm X 10 mm) without stents (Biotube; internal
diameter, 8.6 mm; n=4) were prepared similarly by using
the same cylindrical acryl rod (outer diameter, 8.6 mm) men-
tioned above and cutting. The robustness of the Bio stent graft
{n=1) was evaluated by repeatedly shrinking the graft to
2 mm and releasing the pressure (reverting it to the original
diameter) for several times using a crimping device.

Histological examination

The Bio stent graft was fixed with 10% of formaldehyde in
phosphate-buffered solution for 48 h, embedded in paraffin, and
examined with light microscopy. Circumferential cross-sections
of the Bio stent graft were prepared and subjected to hematoxy-
lin-eosin, Elastica van Gieson, and Masson’s trichrome staining,
which were performed according to the standard procedures.

Statistical analysis

The results are expressed as mean * standard error of the
mean. Comparisons were performed with an unpaired t-test
(Student’s t-test).

RESULTS

Fabrication of the Bio stent grafts

Four weeks after they were embedded into the subcutane-
ous pouches of the beagles [Figure 2(B)], we noted that the

DEVELOPMENT OF TISSUE-ENGINEERED SELF-EXPANDABLE AORTIC STENT GRAFTS

213



ORIGINAL RESEARCH REPORT

FIGURE 2. (A) The mold for the Bio stent graft prepared by assembly of a self-expandable stent (inner diameter, 9.0 mm) and a cylindrical acryl
rod (outer diameter, 8.6 mm; length, 40 mm). (B) The mold embedded into the dorsal subcutaneous pouch of the beagle. (C) After 4 weeks, the
mold was completely covered with connective tissue. (D) The Bio stent graft obtained after trimming the redundant fragile tissue around the
mold. (E) The outer surface of the Bio stent graft fully covered with thin, smooth, and almost transparent connective tissue membrane. (F) The
stent strut completely impregnated into the Bio stent graft wall. (G) The smooth and flat luminal surface of the Bio stent graft. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

preparation molds [Figure 2(A)] assembled with acryl rods
and stents were completely encapsulated by connective tis-
sue and exhibited marked neovascularization [Figure 2(C)].
The molds capsulated completely with connective tissue
could be easily harvested from the pouches by stripping the
surrounding loose tissue. After trimming the redundant
fragile tissue from the molds, and removing the acryl rods,
the tissue-covered self-expandable stent grafts were
obtained for use as Bio stent grafts [Figure 2(D)].

The outer surface of the Bio stent graft was completely
covered with a thin, smooth, and almost transparent con-
nective tissue membrane [Figure 2(E)]. The stent and tubu-
lar connective tissue was directly contacted [Figure 2(F)].
The stent strut was completely impregnated into the wall
[Figure 3(A,B)]. The luminal surface was also smooth and
flat [Figure 2(G)], and no projection of the stent strut was
noted [Figure 3(A,B)]. The graft wall thickness was almost
homogeneous, and was approximately 150 pm (height of
the stent strut, 90 pm; strut to the inner surface, 35 pm;
strut to outer surface, 25 pm). Around the stent struts,
some cells including foreign body giant cells and macro-
phages were present [Figure 3(B)]. The graft wall was
mainly composed of collagen [Figure 3(C)] and no elastic
fibers were present [Figure 3(D)].

Mechanical properties of the Bio stent grafts

The elastic modulus of the Bio stent grafts was 2203 = 163
kPa, which was similar to the elastic modulus of the connec-
tive tissue tubes without stents (Biotubes) that were used

as controls (Figure 4). Additionally, the elastic modulus of
the Bio stent graft was almost twice as high as that of the
native beagle abdominal aorta (1267 * 690 kPa).

FIGURE 3. (A) Histological images of the whole circumferential cross-
section of the Bio stent graft stained with standard hematoxylin-
eosin. (B) The stent struts completely embedded within the connec-
tive tissue (thickness, ~150 pm), stained with hematoxylin-eosin. (C)
Rich and dense collagen fibers (stained in blue) were present in Mas-
son’s trichrome staining. (D) No elastic fibers were seen in Elastica
van Gieson staining. Scale bars: A: 5 mm; B: 100 pm; C,D: 25 pm.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 4. Elastic modulus at burst of the connective tissue tubes
with (Bio stent graft) or without (Biotube) a stent.

Minimal connective tissue damage was observed during
macroscopic examination, even after repeatedly shrinking
the Bio stent graft to 2 mm and releasing the pressure
(reverting it to the original diameter of 9 mm) with a
crimping device (Figure 5). Therefore, the Bio stent graft
could be placed in a 10-Fr sheath without damage. The
stent strut was shrunk with the tissue membrane. The strut
did not jump out of the membrane during crimping. The
connection between the stent and the connective tissue
membrane was extremely robust.

DISCUSSION

Aortic stent grafts constructed using a combination of self-
expandable metallic stents and polymers, such as polyethyl-
ene terephthalate (polyester) or expanded polytetrafluoro-
ethylene, have been used to treat aortic aneurysms for
decades, and their use has recently become more wide-
spread.’®'® Although commercially available stent grafts
have been shown to prevent aortic aneurysms from ruptur-

ing and other aortic events,*® late complications that

require reintervention remain a significant issue. Endo-
leaks—particularly type 1 endoleaks—and stent graft migra-
tion, which are related to poor conformability of the stent
graft to the native aorta, are the major complications associ-
ated with commercially available stent grafts. A previous
report on endograft explantation owing to major complica-
tions of EVAR noted little endoluminal incorporation in
most cases, which was suggestive of poor neointimal growth
in the stent graft's landing zone.'* In our experience with
the implantation of Biotube vascular grafts into beagle
carotid arteries, excellent endothelialization of the Biotubes
was observed within 2 weeks."® In addition, the production
of vascular wall cells and appropriate orientation of the
extracellular matrix were detected at 3 months after graft
implantation.'®® Based on these findings, we believe that
the Bio stent graft will exhibit similar in vivo findings—that
is, migration of the native cells such as endothelial cells or
smooth muscle actin-positive cells to the Bio stent graft
wall, which leads to a strong attachment between the graft
wall and the aorta. Such in vivo adaptation may not be seen
in extremely early phase after implantation, though if it
occurs in the landing zone of the stent graft in several
weeks, it would be possible to achieve tighter graft fixation
and long-term excellent conformability even in angulated or
short landing zones. In addition, early endothelialization has
great benefits in terms of the antithrombogenicity of Bio
stent grafts and Biotubes. Regarding the in vivo stent graft
behavior, stent strut would not fall of from surrounding tis-
sue toward the luminal direction, because of the strong
adhesion, and the presence of intra-aortic pressure. How-
ever, there may be a risk of stent movement toward the
outer direction if the radial force of the stent overwhelms
the strength of adhesion between stent and connective
tissue.

Another expected benefit of the Bio stent graft is the tol-
erance to bacterial infection. Artificial graft infections, which
are mainly associated with polyester grafts, often lead to fatal
complications such as the formation of an aortoenteric fistula
or pseudoaneurysm.’’ 2% To manage these complications,

Diameter (mm)

Side view

Bottom
view

FIGURE 5. The robustness test of the Bio stent graft by repeatedly shrinking the graft to 2 mm and releasing the pressure (reverting it to the
original diameter of 9 mm) by a crimping device. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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homograft replacement with an omentum flap can be
applied; however, despite a great amount of effort being
expended, the outcomes are often not satisfactory.”” In addi-
tion, the number of potential homografts is limited, and suita-
ble replacements are not always available from tissue banks.
The palliative covering of fistulas with ready-made endovas-
cular stent grafts has also been reported although the fre-
guency of recurrent infections among such cases is extremely
high.}”*8 Thus, the Bio stent graft, which is covered by con-
nective tissue, may be useful for the primary management of
graft infections or aortoenteric fistulas.

In this study, we developed an autologous tissue-covered
stent graft using in-body tissue architecture technology. As
described previously, the greatest benefit of this technology
is that it is possible to develop tissue-engineered stent grafts
without complex in vitro cell management technigues or
clean laboratory facilities, which are expensive and labor
intensive. Another benefit of this technology is that it allows
stent grafts to be constructed “en bloc”; therefore, it is not
necessary to place an attachment suture between the metal
stent and the graft fabric, which is technically demanding
and time consuming. It is more difficult to fabricate tissue-
covered stents utilizing the cell seeding technique as
reported previously.®! In this study, as the metal stent is com-
pletely and tightly embedded in connective tissue, it has a
low profile. The ratio of the expanded diameter to the mini-
mum compressed diameter was 4.5 (outer diameter ratio,
9.0 mm:2.0 mm), which would allow the Bio stent graft to be
inserted via the femoral artery in beagles. Waiting for 4-6
weeks for fabricating the Bio stent graft would not be appro-
priate in some clinical settings, such as emergency cases.
Though in elective cases, aortic aneurysm repair is planned
several months later after the aneurysm is considered as an
indication for treatment. If there is no rapid expansion in the
landing zone, we think it may be possible to embed the
appropriate sized molds and wait for 4-6 weeks.

In this study, the Bio stent graft was designed to cover a
beagle’s infrarenal abdominal aorta {mean diameter, 7.7 mm;
length, 60 mm). The fabricated Bio stent graft had an outer
diameter of 9.0 mm, which is 115% larger than that of the
native aorta. Hayashida et al.?? examined the relationship
between the thickness of a fabricated biovalve leaflet and the
internal diameter of the scaffold used to produce it, and
reported that a scaffold with a larger internal diameter
(20 mm) produced thicker leaflet tissue than a scaffold with
a smaller internal diameter (5 mm). The mechanical proper-
ties of the leaflets also reflected the thickness of the tissue.
Based on the abovementioned findings, we consider that it
would be possible to obtain stronger and thicker biomateri-
als by implanting a larger scaffold. Thus, we could fabricate
stronger aortic stent grafts for use in the thoracic aorta or
transcatheter valve implantation by implanting larger rods.

We have demonstrated the functionality and excellent
durability of in vivo tissue-engineered vascular grafts (Bio-
tubes)'® and valves (Biovalves)®® under high-pressure sys-
temic flow. As shown in Figure 3, the wall of the Bio stent
graft produced in this study exhibited approximately 80%
of the tensile strength displayed by a Biotube of the same

ORIGINAL RESEARCH REFORT

diameter. The definite reason why the Bio stent graft has a
lower elastic modulus than the Biotube is not clearly clari-
fied. We think this might have been owing to the differences
in connective tissue formation around the molds during the
4-week graft production period, and the presence of the
stent strut may influence the composition or density of con-
nective tissue. However, the Bio stent graft possessed an
elastic modulus that was almost twice as high as that of the
native beagle abdominal aorta, and hence we consider that
this Bio stent graft would enable the exclusion of aortic
aneurysms without disrupting the graft wall in beagles.

CONCLUSIONS

We developed a self-expanding large-caliber stent graft cov-
ered with autologous membranous tissues (Bio stent graft)
using in-body tissue architecture technology. The connection
between the stent and the connective tissue membrane was
extremely. robust. This Bio stent graft is expected to exhibit
excellent biocompatibility after being implanted in the aorta,
which may reduce the risk of type 1 endoleaks or migration.
As we noted that the Bio stent graft could shrink to 2 mm
with little damage, our next study will examine the implan-
tation of Bio stent grafts in animal aortas to confirm their
conformability and biocompatibility with the native aorta,
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Abstract

There is a severe shortage of donor cornea for transplantation in many countries. Collagenous connec-
tive tissue membranes, named BIOSHEETs, grown in vivo were successfully implanted in rabbit corneal
stroma for in vivo evaluation of their suitability as a corneal stromal substitute to solve this global donor
shortage. BIOSHEETS were prepared by embedding silicone moulds into dorsal subcutaneous pouches
in rabbits for 1 month and stored in glycerol. After re-swelling in saline and trephining, disk-shaped
BIOSHEETSs (4 mm diameter) were allogeneically implanted into stromal pockets prepared in the right
cornea of seven rabbits. Clinical tests for corneal thickness and transparency, and tissue analyses were
performed. Because the BIOSHEETs (thickness, 131 14 pm) obtained were opaque immediately after
implantation, the transparency of the cornea decreased. The total thickness of the BIOSHEET-
implanted cornea increased from 364 % 21.0 pm to 726 =+ 131 pm. After 4 weeks’ implantation, the thick-
ness of the cornea stabilized (493 = 80 um at 4 weeks and 447 + 46 pum at 8 weeks). The transparency of
the cornea increased progressively with time of implantation. The random orientation of collagen fibrils
inthe original BIOSHEETS tended to be homogeneous, similar to that of the native stroma. No inflamma-
tory cells accumulated and fibroblast-like cells infiltrated the implant, The BIOSHEETs showed high
biocompatibility with stromal tissues; however, further studies are needed to test its functional aspects.
Although this research is only intended as a proof of concept, BIOSHEETs may be considered a feasible
corneal stromal replacement, especially for treating visual impairment caused by stromal haze.
Copyright © 2013 John Wiley & Sons, Lid.
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1. Introduction cornea and consists of regularly packed collagen fibrils
arranged as orthogonal layers or lamellae. Approximately
70% of the dry weight of the corneal stroma is composed
of collagen type 1. The collagen fibrils of this tissue are
regularly spaced, similar in diameter and run paralle] to
one another within lamellae. The transparency of the
corneal stroma is attributed to the unique tight packing
and uniform diameter of the collagen fibrils, which
minimizes light scattering (Robert et al., 2001; Knupp
et al., 2009; Hassell and Birk, 2010).

Corneal disorders that disrupt the uniformity of the

* Correspondence to: Yasuhide Nakayama, Division of Medical stromal structure result.m aloss of cor'neal transparency.
Engineering and Materials, National Cerebral and Cardiovascu- onrn'eal dls‘e.ase is a major cause of blindness or severely
lar Centre Research Institute, 5-7-1 Fujishirodai, Suita, Osaka impaired vision and affects more than 10 million people
565-8565, Japan. E-mail: nakayama@ncvc.go.jp worldwide. In some parts of Africa and Asia the

The cornea is the transparent outer window to the eye
and is one of the major refractive elements of the eye.
The corneal stroma, which is a collagenous hydrogel with
lesser amounts of glycosaminoglycans (proteoglycans that
contains keratocytes) is sandwiched by non-keratinizing
epithelium and inner single-layered endothelium. The
corneal stroma comprises 90% of the thickness of the

Copyright © 2013 John Wiley & Sons, Ltd.
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incidence of childhood cornea-related visual loss is 20
times higher than that in industrialized countries
(Schwartz et al., 1997; Whitcher et al.,, 2001, 2002).
Blindness caused by corneal disease is usually perma-
nent. The only widely accepted treatment for corneal
blindness is corneal transplantation.

However, there is a severe shortage of acceptable
corneal tissue for transplantation, especially with the
increase in the aging population and incidence of
transmissible disease. Corneal transplantation has many
limitations, including a lack of eye banking infrastructure
and excessive cost, particularly in the Third World and
developing countries (Feilmeier et al, 2010). In
addition, in so-called ‘high-risk cases’ where the recipi-
ent corneal bed is inflamed and/or neo-vascularized,
the prognosis is poor and the graft failure rate is high
(Streilein et al., 1999; Williams and Coster, 2007; Chong
and Dana, 2008).

Many groups have attempted to construct corneal
substitutes. - Various compounds have been used in
corneal research, including synthetic materials such as
silicone rubber, polymethylmethacrylate (PMMA), poly
(2-hydroxyethyl methacrylate) or naturally occurring
polymers such as collagen and hyaluronic acid,
collagen-glycosaminogycan-chitosan and silk fibroin
(Crawford et al., 1993; Doane et al., 1996; Lee et al.,
1996; Vijayasekaran et al., 1997; Chen et al., 2005;
Builles et al., 2007; Bray et al., 2011). However, biologi-
cal integration with the surrounding recipient tissue is
still a major problem, and restoration of sensory or
physiological corneal function has not been achieved.
Alternatively, many groups have attempted to develop
tissue-engineered corneal equivalents (Liu et al., 2007;
Fagerholm et al., 2009, 2010; Merrett et al., 2009;
Duncan et al., 2010; Tanaka et al., 2011; Xiao et al.,
2011; Yoeruek et al., 2011). An ideal scaffold for a
tissue-engineered corneal equivalent should be biocom-
patible, non-immunogenic, non-mutagenic, sufficiently
strong to withstand surgical procedures and optically
clear (Feinberg, 2012). Therefore, the primary goal of this
study was to prepare uniqgue collagenous membranes
(hereafter termed BIOSHEETS) for corneal stroma substitu-
tion by in-body tissue engineering {Nakayama et al., 2004;
Watanabe et al., 2011; Hayashida et al., 2007; Yamanami
et al., 2010). In this study, BIOSHEETs were prepared
using in-body tissue engineering and transplanted into
rabbit corneal stroma. The aim was to evaluate the
biocompatibility, the transparency and the possibility of
the BIOSHEETs as a potential corneal stroma substitu-
tion material in vivo.

2. Materials and methods
2.1. Animal studies

Studies were performed in accordance with the National
Institutes of Health (NIH) guidelines for the care and

Copyright © 2013 John Wiley & Sons, Ltd.
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use of laboratory animals’ (National Institutes of Health
1996) and the Association for Research in Vision and
Ophthalmology (ARVO) statement for the use of animals
in ophthalmic and vision research under a protocol
approved by the National Cerebral and Cardiovascular
Center Research Institute Committee (No. 12002).

2.2. BIOSHEET preparation protocol

The mould for BIOSHEETs (Figure 1a) was prepared by
terminal adhesion of silicone tubes (60mm long,
20mm diameter, 2mm thick). Six Japanese white
rabbits (2.7-3.0kg) were given general anesthesia using
a mixture of ketamine (50mg/kg Ketalar; Daiichi
Sankyo, Tokyo, Japan) and xylazine (5mg/kg Selactar;
Bayer Health Care, Tokyo, Japan) and maintained by
bolus intramuscular injection of a quarter of the initial
dose. A 5cm incision was made at dorsal skin between
last rib and ilium, and two moulds were placed into
each subcutaneous pouch (Figure 1b), each incision
was then sutured with 4-0 nylon (Figure 1c). The
rabbits received 5mg/kg systemic enrofloxacin (Baytril
injectable; Bayer, Tokyo, Japan) for 1lweek. After
complete encapsulation of the moulds by connective
tissue (i.e. 1month after implantation) the implants
were harvested (Figure 1d). The membranous tissue
that formed as a BIOSHEET around the mould was
obtained by trimming to remove fragile and redundant
tissue adhered to the BIOSHEET tissue (Figure le).
The BIOSHEETs were preserved by soaking in sterile
pure glycerol (Wako Pure Chemical, Osaka, Japan),
which is used clinically to preserve donor corneas for
corneal transplantation in the developing world, at 4°C
for 1week. Before implantation, BIOSHEETs were sub-
merged in sterile physiological saline to allow irrigation
for 10 min (Figure 1f).

2.3. BIOSHEET implantation procedure

The BIOSHEETs were implanted as an allogenic stromal
substitute into the right cornea of seven Japanese white
rabbits (2.8-3.0kg). Rabbits were anesthetized with
medetomidine (0.1 mg/kg Dorbene; Kyoritsu Seiyaku,
Tokyo, Japan), butorphanol (0.2mg/kg Vetorfal; Meiji
Seika Pharma, Tokyo, Japan) and ketamine (25mg/kg
Ketalar; Daiichi Sankyo). In addition, oxybuprocaine
hydrochloride (Benoxil ophthalmic solution 0.4%;
Santen Seiyaku, Osaka, Japan) was given twice before
surgery for induction of local anaesthesia. A 6-mm long
incision with a depth approximately half that of the
cornea was made at the dorsal limbus, and a stromal
pocket was created using a scleral knife. A BIOSHEET
was trephined to provide disks with a diameter of 4 mm
(Figure 1h) and implanted into the pocket (Figure 1i).
One of the six BIOSHEETs was used for transplantation
to eliminate the potential confounding factor of bio-
compatibility. Control cornea received sham surgery
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Biosheets for corneal stromal substitution

Figure 1. Preparation and implantation of BIOSHEET. (a) Silicone mould for BIOSHEET preparation. The mould at (b) and after (c)
placing into the subcutaneous pouch; (d) The mould encapsulated completely with BIOSHEET tissue after 1 month of implantation;
(e) BIOSHEET-covered mould after trimming to remove fragile and redundant tissue; (f,g) BIOSHEET preserved by soaking in sterile
pure glycerol and submerged in physiological saline; (h) trephined BIOSHEET (4 mm in diameter); (i) implantation into stromal
pocket of rabbit cornea; (j) immediately after implantation

(n=4). The incision was closed with one suture using 2.4. Clinical test

10-0 nylon, which was removed 2 weeks after surgery.

After surgery, 5mg/kg systemic enrofloxacin (Baytril Follow-up evaluations were performed daily on each
injectable; Bayer) was administered daily for the first rabbit for 7 days after surgery and then weekly. Corneal
week. No immunosuppressive drugs were used. opacity grade, vascularization, corneal thickness and
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corneal topography were assessed. Transparency of the
cornea was assessed according to a grading scale where
0 indicated transparent by using surgical microscope
(%10 ~ 20, OPMI pico; Alcon Japan, Tokyo, Japan), 1
indicated a slight haze that did not obscure the pupil, 2
indicated a moderate haze but distinguishable iris
vessels and 3 indicated that the pupil and iris vessels
were totally obscured. Corneal vascularization was
graded on a scale of 0-4 where 0 = no vascularization,
1 = neovascularized area < ¥4, 2= neovascularized area
Y, 3 = neovascularized area < % and 4 = neovascularized
area > %, Corneal thickness was measured at central part
of implanted BIOSHEET with an ultrasonic pachymeter
(AL-3000; Tomey, Nagoya, Japan). Corneal topography
was measured using a topographic modelling system
(TMS-4 Advanced; Tomey). Flat (Kf) and steep (Ks)
meridians were derived from the measured topography of
each cornea.

2.5. Qualitative tissue analyses

Two rabbits were euthanized by intravenous overdose
(more than 75mg/kg) of potassium chloride (KCl;
Nichiiko, Toyama, Japan) under anaesthesia by a mixture
of ketamine (50 mg/kg, Ketalar) and xylazine (5mg/kg)
at 4 weeks postoperatively; five rabbits were euthanized
at 8 weeks after surgery. Pre-transplantation BIOSHEETS
(n = 2) before and after soaking in glycerol and corneas
implanted with BIOSHEETs were fixed in phosphate-
buffered formalin and embedded in paraffin; 5-pm longi-
tudinal sections were subjected to haematoxylin-eosin

N. Takiyama et al.

staining for general tissue morphology and Masson
trichrome staining for collagen.

Immunohistological assay was performed for cell
characterization. As antibodies, a-smooth muscle actin
(a-SMA) for smooth muscle cells or myofibroblasts (1:50
dilution; Abcam, Cambridge, UK), vimentin for fibroblasts
(1:50 dilution; Abcam), and RAM11 for macrophages
(DAKO, Glostrup, Denmark) were used. After washing
with phosphate-buffered saline (PBS), slides were
incubated with Alexa Fluor®594 rabbit anti-mouse 1gG
antibody (1:200; Invitrogen, Carlsbad, CA, USA) and then
incubated with 4',6-diamidino-2-phenylindole (DAPI;
Invitrogen) for nuclear staining.

2.6. Statistics

All of the data are expressed as the mean + standard
deviation. Analysis of variance and t-test were used to test
for significant differences among the groups, and p < 0.05
was considered significant.

3. Results

A silicone mould (Figure 1la) was embedded in a subcu-
taneous pouch of six rabbits for BIOSHEET preparation.
After 1 month, all moulds were completely encapsulated
by autologous connective tissue membrane. The moulds
were easily removed from the membranous tissue
because there was little adhesion between the mould
and the tissue (Figure 1f). The tissue obtained (i.e. the

100 um

Figure 2. Haematoxylin and eosin section of BIOSHEETs before (a) and after (c) preservation in glycerine and submerged in physio-
logical saline, and Masson’s trichrome section of BIOSHEETs before (b) and after (d) preservation in glycerine and submerged in

physiological saline

Copyright © 2013 John Wiley & Sons, Ltd.
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Limbal incision

1 day.

Figure 3. Postoperative observation of BIOSHEET implanted into rabbit corneal stroma

BIOSHEETs) comprised thin sheets with a smooth flat
surface (6 X 6.5cm, 131.0 = 14.0 pm thick, Figure 1g).
The success rate of BIOSHEET preparation was,
therefore, 100%. However, it was opaque both before
and after glycerol preservation (Figure 1h) with random
orientation of the collagen fibres (Figure 2b,d). All cells
in the BIOSHEET died after the it was immersed into
glycerol for 1 week although many cell nuclei remained
(Figure 2c).

All animals survived without infections or other compli-
cations during the follow-up period. Neo-vascularization,
corneal thickness, corneal refractive power and histology
were evaluated to investigate the possibility of the
BIOSHEET as a corneal stromal substitution material.
Slight corneal neovascularization that reached the cor-
neal incision was noted up to 2weeks postoperatively
(Figure 3). The average corneal vascularized scores of
BIOSHEET implanted corneas were 0.7 = 0.5 at 1week
and 0.1 £0.4 at 2weeks, which were almost same of
those of sham-operated corneas (0.75+ 1.0 at 1week,
0.5 + 1.0 at 2weeks). At 4weeks after implantation or
sham operation all corneas had no neovascularization
(scores 0). In addition, there was no inflammation or
signs of rejection during implantation. Immediately
after implantation, all BIOSHEET disks were opaque
(Figure 1h). However, interestingly, each BIOSHEET
became transparent over time in all rabbits (Figure 3).
The transparency scores for the cornea after 4weeks
were significantly lower (1.7+1.0 at 4weeks and
0.6 +0.6 at 8weeks) than those obtained immediately
after implantation (3, p<0.05) (Figure 4a). The trans-
parency of the cornea increased progressively with time
of implantation.

The total thickness of the cornea was 726.1 = 131.0 pm
immediately after implantation and almost the same even
at 2weeks after implantation (Figure 4b). The thickness
was significantly greater than the pre-implantation
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thickness (364 + 21.0 um). Thickness markedly decreased
in the first 4 weeks (493.0 = 80.0 pm) and then remained
stable until 8 weeks (447.0 = 46.0 pm).

The increased postoperative corneal refractive power
was attributed to the implanted BIOSHEETs and
increased corneal thickness. After implantation, high re-
fractive power (Figure 4c) and rough corneal topography
remained (Figure 5).

The arrangement and orientation of the collagen lamel-
lae of BIOSHEETSs were heterogeneous at 4 weeks postop-
eratively, but they tended to take on a homogeneous
character similar to that of the native corneal stroma at
8 weeks postoperatively (Figure 6). The boundaries of
the BIOSHEETs were well defined at 4 weeks but became
indistinct at 8weeks. At 8weeks after implantation
fibroblast-like cells infiltrated into the implanted
BIOSHEETS (Figure 7a), but there were no a-SMA positive
cells (Figure 7b) or inflammatory cells (Figure 7c).

4. Discussion

The cornea is responsible for transmission and refraction of
the light to the retina and for maintaining the shape of the
eye. The cornea is an avascular and transparent tissue com-
posed of three layers: the epithelium, stroma and endothe-
lium. The extracellular matrix of the corneal stroma
consists primarily of collagen type I with a lower amount
of collagen type IV and proteoglycans (Knupp et al., 2009;
Hassell and Birk, 2010). Therefore, collagenous biomate-
rials such as collagen gels, and acellular porcine corneas
are widely used as potential corneal substitutes (Liu et al.,
2007; Fagerholm et al., 2009, 2010; Merrett et al., 2009;
Duncan et al., 2010; Tanaka et al., 2011; Xiao et al., 2011;
Yoeruek et al., 2011). As alternative approach, autogenic
transplantation of collagen-rich tissues such as ligaments,
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Figure 4. (a) Mean values for corneal transparency. The corneas
implanted with the BIOSHEET became hazy immediately after
transplantation, but transparency was gradually restored. (b)
Change in corneal thickness following implantation of BIOSHEETs
into rabbit cornea. (¢) Refractive power change following implan-
tation of BIOSHEETS into rabbit cornea. Significant increase from
preoperative values (*, P < 0.05)

tendons, and skin have been widely applied for the replace-
ment of damaged tissue (Jackson and Simon, 2002;
Antonogiannakis et al., 2005; de Vries Reilingh et dl.,
2007; Carey et al., 2009). However, there is no adequate
autogenic tissue source (Le. a tissue with high transparency
and high mechanical strength) for substitution of the cor-
neal stroma. Therefore, the primary goal of this study
was to prepare collagenous membranes as BIOSHEETSs for
corneal stromal substitution. We evaluated the biocompat-
ibility and transparency of BIOSHEETs transplanted into
rabbit corneal stroma.

Biocompatibility factors, including cell compatibility,
lack of immunogenicity, lack of toxicity and resistance to

Copyright © 2013 John Wiley & Sons, Lid.
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biodegradation, are critical for materials for tissue engi-
neering (Peinberg 2012). In the present study, neovas-
cularization, corneal thickness, corneal refractive power
and histology were evaluated to investigate the biocom-
patibility of BIOSHEETs. Slight neovascularization of the
corpeal incision site was observed up to 2weeks posto-
peratively in both BIOSHEETs implanted comea and
sham-operated cornea; however, BIOSHEET-induced neo-
vascularization was not observed. Hence, neovascu-
larization was considered to represent the wound healing
of the corneal incision. The thickness of cornea increased
immediately after surgery and gradually decreased; but
did not return to the preimplantation thickness (Figure 4B).
The increased postoperative corneal refractive powers
are considered to result from the implanted BIOSHEETs
and increased corneal thickness. Corneal topographies
revealed the existence and location of implanted
BIOSHEETs (Figure 5). Histologically, the BIOSHEET
remained between stromal layers. The implanted
BIOSHEET was infiltrated with corneal fibroblasts but
not inflammatory cells. These results indicate that the
BIOSHEET was well tolerated without inflammation,
degradation or any signs of rejection, even though the
implantation was allogeneic. Therefore, BIOSHEETs
prepared using our technique appear to have excellent
biocompatibility for corneal tissue.

This finding was expected based on our previous study
of the implantation of cardiovascular tissues prepared
similarly (Nakayama et al., 2004; Hayashida et al,, 2007;
Watanabe et al, 2011; Yamanami et al., 2010).
BIOSHEETs mainly consist of collagen type I, which is
the main biochemical component of the skin and corneal
stroma (Knupp et al., 2009; Hassell and Birk, 2010;
Robert et al., 2001). This similarity in composition
between the native cornea and BIOSHEETs may underlie
the high biocompatibility of BIOSHEETs implanted into
the corneal stroma. The implanted BIOSHEETs were
preserved in sterile pure glycerol, which is a simple, effec-
tive and economical preservation medium (King et al,
1962; Sharma et al., 2001). Glycerol-preserved tissue
lacks antigenicity, which thus prevents graft rejection
and obviates long-term immunosuppressive treatment
(Chen et dl., 2010). Preservation in glycerol may have
thus facilitated the engraftment of allogeneic BIOSHEETs
into the rabbit cornea.

In this study, the original BIOSHEETs were opaque and
obscured the pupil until several weeks after implantation;
however, corneal transparency recovered progressively.
The transparency of the normal cornea mainly depends
on the architecture of the corneal stroma. Uniform
collagen fibril diameter, uniform inter-fibrillar distance
and orthogonal alignment of collagen fibres are necessary
for corneal transparency (Knupp et al., 2009; Hassell and
Birk, 2010). Loss of transparency in the wounded cornea
is caused by increased corneal thickness and increased
diameter of collagen fibrils as well as poor fibrillar organi-
zation in the regenerated stroma {Quantock et al., 1994).
In this study, the corneas implanted with BIOSHEETSs
were thick and hazy immediately after implantation.
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