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Abstract
Background: We have previously applied in vivo tissue- engineered vascular 
grafts constructed in patients’ subcutaneous spaces. However, since the forma-
tion of these vascular grafts depends on host health, their application is challeng-
ing in patients with suppressed regenerative ability. Therefore, the allogeneic 
implantation of grafts from healthy donors needs to be evaluated. This study 
aimed to fabricate allogeneic cardiovascular grafts in animals.
Materials and methods: Silicone rod molds were implanted into subcutane-
ous pouches in dogs; the implants, along with surrounding connective tissues, 
were harvested after four weeks. Tubular connective tissues were decellular-
ized and stored before they were cut open, trimmed to elliptical sheets, and 
implanted into the common carotid arteries of another dog as vascular patches 
(n = 6); these were resected and histologically evaluated at 1, 2, and 4 weeks 
after implantation.
Results: No aneurysmal changes were observed by echocardiography. 
Histologically, we observed neointima formation on the luminal graft sur-
face and graft wall cell infiltration. At 2 and 4  weeks after implantation, α- 
SMA- positive cells were observed in the neointima and graft wall. At 4 weeks 
after implantation, the endothelial lining was observed at the grafts’ luminal 
surfaces.
Conclusion: Our data suggest that decellularized connective tissue mem-
branes can be prepared and stored for later use as allogeneic cardiovascular 
grafts.
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1 |  INTRODUCTION

Materials with high biocompatibility and growth poten-
tial are ideal for achieving revascularization in congenital 
heart disease.1 However, neither artificial materials nor 
biomaterials of xenogeneic origins, which are currently 
widely applied, can completely satisfy these conditions.2 
In recent years, tissue engineering approaches have been 
used for the development of biocompatible grafts.3– 6 
Several kinds of vascular grafts are being developed using 
in vivo tissue engineering, which utilizes the patient's 
body as a bioreactor.7– 10 Previously, we reported that in 
vivo tissue- engineered vascular tissues, easily constructed 
in the subcutaneous tissues of the tissue recipients, func-
tioned as superior grafts in animal experiments.8,9 We 
have applied this technology to pulmonary arterial patch 
augmentation in a 2- year- old patient and reported a good 
clinical course.11 Now, more than five years later, the post-
operative course remains excellent.12

Autologous vascular grafts can be fabricated using 
connective tissue membranes prepared using the encap-
sulation phenomenon that occurs when foreign materials 
are implanted under the skin. However, this process re-
quires at least four weeks.8,9 Moreover, since the forma-
tion of vascular grafts depends on the health of the graft 
recipient, who often is a high- risk or very young patient, 
it may be challenging to use these grafts in patients with 
severe disease in which regenerative activity is suppressed 
because the tissues may not be fully mature. Therefore, 
the possibility of allogeneic grafts from healthy donors to 
patients should be evaluated. The objective of this study 
was thus to fabricate such allogeneic grafts using animals.

2 |  METHODS

2.1 | Preparation of tubular connective 
tissues

All experimental procedures and protocols followed 
ARRIVE guidelines.13 We are committed to the 3Rs of 
laboratory animal research. All experimental procedures 
and protocols were approved by the Animal Experiment 
Ethics Committee of the Kyoto Prefectural University of 
Medicine (Protocol 29- 16) and were performed in accord-
ance with the US Animal Welfare Act.

A total of four adult female dogs (Toyo beagles, 2 years 
old, weight ~10 kg) were purchased from OrientalBioService, 
Inc (Kyoto, Japan). One dog was used for tubular connective 
tissue preparation, and the other three were used in the im-
plantation experiments. Four dogs were randomly assigned. 
All dogs were kept in single cages with ad libitum water and 

standard food. Since dogs had been subjected to irreversible 
and extensive invasion at the end of the experiment, dogs 
were euthanized using an intravenous injection of a pento-
barbital sodium overdose (Somnopentyl; Kyoritsu Seiyaku 
Corporation, Tokyo, Japan).

Five silicone rods (diameter 5 mm and length 10 cm; 
3- 2316- 04, AS ONE, Osaka, Japan) were used as molds 
(Figure 1A). Dogs were anesthetized using an intramus-
cular injection of ketamine (20  mg/kg; Daiichi Sankyo 
Propharma Co., Ltd., Tokyo, Japan) and xylazine (0.1 mg/kg;  
Bayer Yakuhin, Ltd., Tokyo, Japan). Small incisions were 
made in the shaved dorsal skin, and five molds were 
placed in dorsal subcutaneous pouches. After four weeks, 
dogs were anesthetized, and the implants were harvested. 
After the silicone rod molds were removed, the tubular 
connective tissue tubes were harvested. Five tubular con-
nective tissues were obtained, one of which was used for 
in vitro decellularization experiments and the other used 
as a control. The other three were decellularized and used 
in transplantation experiments.

2.2 | Decellularization

Tubular connective tissues were connected to a perfusion 
pump (TP- 10SA; AS ONE) and decellularized in a sterile 
beaker in a 37°C bath by perfusion with 1% sodium lau-
ryl ether sulfate (SLES; Sanyo Kasei, Kyoto, Japan) for 3 h, 
deionized water for 15  min, 1% Triton X- 100 (FUJIFILM 
Wako Pure Chemical Corporation, Osaka, Japan) for 30 min, 
and 500  U/ml DNase (Worthington Biochemical Corp., 
Lakewood, NJ, USA) in phosphate- buffered saline (Takara 
Bio Inc., Shiga, Japan) for 3 h. Each perfusion was followed 
by a rinse with deionized water. (Figure 1D) Perfusion rates 
were maintained at 2 ml/min. Decellularized tubular con-
nective tissues were stored at −20°C until further analysis. 
This decellularization protocol was modified from the pro-
tocol reported by Kawasaki et al.14

2.3 | DNA quantification and histology

Decellularized and untreated tubular connective tissues 
were desiccated in a dry heat incubator for 12 h until the tis-
sue fragment weight reached a plateau. DNA was extracted 
using the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, 
Germany). The Quaut- iT PicoGreen kit (Thermo Fisher 
Scientific Inc, Waltham, MA, USA) was used to quantify 
DNA at 485 nm using an Infinite F- 200 fluorescence reader 
(Tecan Group, Männedorf, Switzerland), using a lambda 
DNA standard curve. Haematoxylin- eosin (H&E) and 
4′,6- diamidino- 2- phenylindole (DAPI) staining of serial 
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sections of the tubular connective tissues were performed 
to assess the uniform removal of the cellular component.

2.4 | Implantation of patch grafts

Three dogs were anesthetized using intramuscular injec-
tion of ketamine (20  mg/kg) and xylazine (0.1  mg/kg). 
The decellularized tubular connective tissues were stored 
at −20°C for one week before they were naturally thawed, 
cut open, and trimmed to an elliptical sheet of 15 × 8 mm. 
A neck midline incision was made to expose both com-
mon carotid arteries. After heparin sodium (100  U/kg; 
Mochida Pharmaceutical Co., Ltd., Tokyo, Japan) injec-
tion, the carotid arteries were clamped. The anterior walls 
of the carotid arteries were cut into elliptical sheets, which 

were allo- transplanted to the carotid arteries as vascular 
patches using 7- 0 polypropylene (Prolene; Ethicon, Inc., 
Somerville, NJ, USA) running sutures (n = 6). The wound 
was closed using 4- 0 nylon (NB204; Kono Seisakusho Co., 
Ltd., Chiba, Japan) sutures. Thereafter, dogs had free ac-
cess to standard food and water. After implantation, no 
antiplatelet, anticoagulant, or immunosuppressive agents 
were administered.

2.5 | Ultrasonography

The dogs were followed until 1, 2, and 4 weeks after im-
plantation, and the status of their patch grafts was evalu-
ated using Doppler ultrasonography (S6V; SonoScape 
Medical Corp., Shenzhen, China).

F I G U R E  1  Preparation of tubular 
connective tissues. (A) Silicone rods 
(diameter 5 mm, length 10 cm) used as 
molds. (B) Molds embedded into dorsal 
subcutaneous pouches became completely 
encapsulated in connective tissue. (C) 
Decellularized tubular connective tissue. 
Scale bar = 10 mm. (D) Schematic of the 
decellularization process. PBS, phosphate- 
buffered saline; SLES, sodium lauryl ether 
sulfate; Tx- 100, Triton X- 100 [Color figure 
can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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2.6 | Macroscopic observation of 
harvested grafts

Patch grafts were resected 1, 2, and 4 weeks after implan-
tation (each group n = 2). Dogs were anesthetized using 
an intramuscular injection of ketamine (20  mg/kg) and 
xylazine (0.1  mg/kg). After heparin sodium (100  U/kg) 
injection, the common carotid arteries containing the vas-
cular patch grafts were harvested. The harvested arteries 
were cut open longitudinally, and grafts were macroscopi-
cally scored.

2.7 | Histology and 
immunohistochemistry

Patch- graft specimens were fixed with 10% formalin; 
embedded in paraffin; sliced into short- axis cross- 
sections; and stained with H&E, Masson's trichrome 
(MT), Elastica van Gieson (EVG), or von Kossa stain. 
Immunohistochemistry was performed using monoclo-
nal antibodies against α- smooth muscle actin (α- SMA; 
M0851; Dako Japan, Kyoto, Japan; 1:100 dilution) and 
von Willebrand factor (vWF; A0082; Dako Japan, Kyoto, 
Japan; 1:5000 dilution).

3 |  RESULTS

3.1 | Preparation of tubular connective 
tissues

The assembled molds embedded in subcutaneous pouches 
of the beagles for four weeks showed complete connective 
tissue encapsulation. The implants were readily harvested 
because the developed connective tissue and the subcutane-
ous tissue were connected only by fragile, irregular, and re-
dundant tissues, which could be dissected easily (Figure 1B). 
The silicone rods could be smoothly removed from the end 
of the implants because there was no adhesion between the 
substrates and the developed connective tissues.

3.2 | Decellularization

After seven hours of decellularization, the tubular connec-
tive tissues became translucent and white macroscopically 
(Figure 1C). Histological changes are shown in Figure 2. 
Before decellularization, the tubular connective tissues 
contained many nuclei (Figure  2A,B), whereas, after 
 decellularization, all cell components were completely 
removed (Figure 2C,D). After decellularization, the total 

F I G U R E  2  Histological changes 
produced by decellularization. 
Haematoxylin and eosin (H&E; A,C) and 
4′,6- diamidino- 2- phenylindole (DAPI; 
B,D) staining of a short- axis cross- section 
of tubular connective tissue before (A,B) 
and after (C,D) decellularization. The 
upper side is the luminal surface. Scale 
bar = 100 μm [Color figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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DNA content of the decellularized tubular connective tis-
sues was 0.83 ± 0.34 ng/mg dry weight (mean ± 1 stand-
ard deviation). The amount of DNA in the control tubular 
connective tissues was 492 ± 132 ng/mg dry weight.

3.3 | Implantation of decellularized 
connective tissues as patch grafts

Arterial patch transplantation of the decellularized con-
nective tissue graft (Figure  3A) was easily performed 
using general vascular surgical procedures. After dec-
lamping, the implanted patch pulsated with little bleeding 
and without rupture or aneurysm formation (Figure 3B).

3.4 | Ultrasonographic evaluation

The luminal surfaces of the grafts were thickened one 
week after implantation, suggesting thrombus formation 

(Figure 4A). At two and four weeks after implantation, the lu-
minal surfaces of the grafts became smooth, and no aneurys-
mal changes were observed (Figure 4B,C). Good blood flow at 
all times was confirmed using color Doppler (Figure 4D– F).

3.5 | Macroscopic observations

No abnormal overt inflammation or liquid pooling around 
the grafts was observed. Slight adhesions were observed 
around the patch grafts at both one and two weeks after 
implantation (Figure 5A,B). At four weeks after implanta-
tion, mild adhesion was observed around the patch grafts 
(Figure 5C); graft separation from the surrounding tissue 
was very easy. Before graft removal, good blood flow pulsa-
tion was observed over the entire length of the graft, and 
the thrill indicating local stenosis could not be palpated. 
Macroscopic observation revealed that the inner surfaces of 
the patch grafts one week after implantation were covered 
with fibrin (Figure 5D). At 2 weeks, inner surfaces of the 

F I G U R E  3  Implantation of patch grafts. Decellularized tubular connective tissues were cut longitudinally (A) and trimmed to an 
elliptical sheet of 15 × 8 mm. The resulting sheets were allo- transplanted as vascular patches (B). Scale bar = 10 mm [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  4  Postoperative echocardiography at 1 (A,D), 2 (B,E), and 4 (C,F) weeks after implantation (A– C, B- mode imaging; D– F, 
Doppler echocardiography) showing graft thickening at 1 week after implantation. At 2 and 4 weeks after implantation, the patch grafts 
became smooth, and no aneurysmal changes were observed. Yellow arrows indicate the patch- graft regions. The left side is the proximal 
side. Scale bar = 10 mm  [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


638 |   ALLOGENEIC ARTERIAL PATCH IMPLANTATION 

grafts were partially covered with neointima near the anas-
tomotic site; however, fibrin was still present, especially at 
the center of the patches (Figure 5E). At four weeks after 
implantation, the inner surfaces of the grafts were almost 
completely covered with neointima, with no intimal hyper-
plasia of the anastomosis site observed (Figure 5F).

3.6 | Histological observations

The boundaries of the patch grafts became obscure over time 
(Figures 6 and 7A,G,M). Infiltration of the vascular wall with 
cells derived from the host into decellularized allogeneic con-
nective tissue progressed with time. MT staining revealed 
that the grafts at one week after implantation were com-
posed of collagen- rich tissue, while at four weeks after im-
plantation, collagen tissue became obscure (Figure 7B,H,N). 
EVG staining revealed an elastic fiber network in the ne-
ointima at four weeks after implantation (Figure  7C,I,O). 
Von Kossa staining revealed low- level calcification in all 
the grafts (Figure  7D,J,P,). Staining for α- smooth muscle 
actin (α- SMA) revealed α- SMA- positive cells in the neoin-
tima and graft wall at two and four weeks after implantation 
(Figure 7E,K,Q). Staining with von Willebrand factor (vWF) 
revealed endothelial lining of the luminal surfaces of the 
grafts at four weeks after implantation (Figure 7F,L,R).

4 |  DISCUSSION

Aiming to fabricate an ideal vascular graft, multiple tissue- 
engineered vascular grafts (TEVGs) have been developed 

using in vitro and/or in vivo tissue engineering technol-
ogy, some of which have been clinically applied.3,5,6,15

In vivo tissue engineering uses the patient's body as a 
bioreactor. Several groups have reported the development 
of a vascular graft that exploits the encapsulation that 
occurs when foreign materials are implanted under the 
skin.7,10 We have also reported good results from multiple 
animal transplantation experiments of grafts made using 
in vivo tissue engineering techniques.8,9 We have clinically 
applied a TEVG as a pulmonary artery dilatation patch for 
congenital heart disease with good results.11 However, in 
pediatric cases, not only is the subcutaneous area in which 
the base material is embedded limited but good capsule 
formation may also not be achieved due to poor nutrition 
related to the underlying disease. Therefore, we reasoned 
that allogeneic transplantation from healthy adult donors 
should be considered for these cases.

In the case of allograft use, it is necessary to attenuate 
the antigenicity of the graft by, for example, crosslinking 
using glutaraldehyde and decellularization. However, 
glutaraldehyde treatment not only produces cytotoxic-
ity in the tissues surrounding the graft if not washed out 
completely but can also make grafts more thrombogenic 
and susceptible to calcification.16,17 Therefore, we hypoth-
esized that decellularization would be a more suitable 
method for attenuating antigenicity. Decellularization is 
achieved using high- pressure treatment18 or, more com-
monly, a detergent.19

Sodium dodecyl sulfate (SDS) is a detergent widely 
used for decellularization, but it has been reported to 
cause substantial ECM damage to acellular scaffolds.19 
Therefore, we developed a decellularization protocol 

F I G U R E  5  Macroscopic observation of harvested grafts. Vascular patch grafts resected at 1 (A,D), 2 (B,E), and 4 (C,F) weeks after 
implantation. Macroscopic appearance of the grafts (A– C). Inner surfaces of the patch grafts at 1 week were covered with fibrin (D). At 
2 weeks, the inner surfaces of the grafts were partially covered with neointima (white- colored) near the anastomotic site; however, fibrin 
was still present, especially at the center of the patches (E). At 4 weeks, the inner surfaces of the graft were almost completely covered with 
neointima (F). The left side is the proximal side. Scale bar = 10 mm [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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using SLES, a novel surfactant reported to decrease 
ECM damage.14,20 However, as our perfusion decellular-
ization protocol was designed for parenchymal organs 
such as the heart, it would be time- consuming to use.14 
Since, unlike parenchymal organs, the tubular connec-
tive tissues used in this study were extremely thin and 
had a simple structure, we hypothesized that the dura-
tion of the decellularization treatment could be short-
ened. Thus, we established a protocol that decreased 
perfusion time with SLES from 12 to 3 h and the perfu-
sion time with DNase- added phosphate- buffered saline 
(PBS) from 24 to 3  h. After decellularization, the total 
DNA content was less than 50 ng/mg dry tissue weight, 
indicative of complete removal of the genetic material, 
based on a previous report.21 The tubular connective tis-
sues were reliably decellularized using this shortened 
protocol. As a result, the total process time for decellu-
larization was reduced from approximately 37 h to ap-
proximately 7  h. Therefore, we transplanted vascular 
patches into beagles using decellularized grafts prepared 
using this protocol.

All grafts performed well in the arterial pressure envi-
ronment without any occurrence of aneurysm or rupture 
for 4  weeks after implantation. Hence, we hypothesized 
that as these decellularized grafts could withstand high- 
pressure environments, they could also be safely applied 
to pulmonary arteries.

Three elements, scaffolds, (stem) cells, and growth fac-
tors, are necessary components in tissue engineering.22 
To generate living and functional vascular grafts, most 
TEVGs have been incorporated with autologous cells 
at the beginning of their development.3,5,23 L’Heureux 
et al reported the clinical application of TEVG in an arte-
riovenous (AV) shunt- based on allogeneic cell- sheet tech-
nology.24 However, these grafts had been dehydrated, and 
subsequent cell seeding had not been performed. Another 
group reported the results of a phase- II trial of an AV shunt 
for end- stage renal disease patients using another TEVG, 
Humacyte.6 These grafts were manufactured by seeding 
a 6- mm polyglycolic acid (PGA) scaffold with smooth 
muscle cells (SMCs) derived from organs and tissues of 
deceased allogeneic donors, which were decellularized 

F I G U R E  6  Histological examination 
of grafts. Low- power micrographs of 
H&E- stained short- axis cross- sections of 
the grafts at 1 (A), 2 (B), and 4 (C) weeks 
after implantation. The boundaries of 
the grafts became obscure over time. 
Infiltration of the vascular wall cells 
derived from the host into decellularized 
allogeneic connective tissue progressed 
with time. Black arrows indicate 
anastomoses. Black boxes indicate 
the regions enlarged in Figure 7. The 
upper side is the luminal surface. Scale 
bar = 500 μm [Color figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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following ECM production in an incubator equipped with 
a pulsatile pump. Both grafts were constructed using allo-
geneic vascular wall cells; however, before implantation, 
the incorporated cells were deactivated or removed. Our 
in vivo tissue- engineered autologous vascular graft was 
treated with 70% ethanol before clinical application for a 
pediatric pulmonary artery patch plasty to improve surgi-
cal handling.11 In this TEVG, the incorporated cells were 
dead. Although none of these grafts were incorporated 
with functioning living cells, they actively stimulated tis-
sue regeneration, providing excellent patency and vascu-
lar wall healing. The need for cell seeding is controversial. 
These clinical reports suggest that the incorporation of 
living cells in TEVGs is not always necessary if the TEVGs 
are composed of excellent extracellular matrices that in-
duce rapid tissue regeneration.

In contrast to autologous grafts, the allogeneic decellu-
larized TEVGs used in this study were depleted of cellular 
components. Although the amounts of glycosaminogly-
cans and growth factors that remained in the grafts are un-
known, tissue regeneration, similar to that observed with 
the use of autologous grafts, was induced. Slight cell infil-
tration into the graft was observed one week after implan-
tation, good cell infiltration was observed at two weeks, 
and almost all layers were infiltrated at four weeks. We 
consider the cells infiltrating into the graft wall to be de-
rived from the native blood vessels in contact with the sur-
rounding tissues and the graft. Endothelialization of the 
luminal graft surface is a result of invasion by native blood 
vessels. Cell infiltration into the graft was observed early 
after transplantation, and vascular wall reconstruction by 
vascular wall constituent cells was observed. Therefore, 
the biocompatibility of the vascular graft prepared using 
this technique is excellent.

Since graft preparation using the in vivo tissue engi-
neering technology that we have developed takes place in 
the body, grafts can be fabricated at a very low- cost rela-
tive to those fabricated with the above- mentioned human- 
derived TEVGs in vitro. Although the donor for the 
recipient child needs to be a healthy adult, our technique 
is much less invasive than living- donor organ transplan-
tation because the graft is prepared subcutaneously. This 
study shows the possibility of application of allogeneic in 
vivo TEVGs, targeting transplantation from healthy do-
nors to children.

This study also had some limitations. First, to gain 
more insight, it is necessary to compare and contrast the 
transplantation of the allogeneic decellularized connec-
tive tissue membrane with vascular patch transplanta-
tion using an autologous connective tissue membrane 
as a control. Second, since the inflammation in the graft 
after transplantation was not evaluated, it is necessary 
to evaluate immunoreactivity in frozen sections. Third, 

it is necessary to study the long- term behavior of the 
graft over the years to evaluate the degree of graft in-
flammation and the presence or absence of calcification. 
Fourth, as the decellularization procedure may affect 
the mechanical properties of the TEVGs, it is necessary 
to perform an in vitro mechanical assessment (burst 
pressure, tensile strength, suture retention tests, etc) 
of connective tissue before and after decellularization 
to optimize the procedures. Finally, it will be informa-
tive to examine the degree of degradation of the TEVG 
components after transplantation. The rate of decompo-
sition of a TEVG composed of a biodegradable polymer 
can be estimated by measuring the residual molecular 
weight of the polymer after transplantation. However, 
the graft we produced primarily consists of collagen 
fibers derived from a living body, which are indistin-
guishable from host fibers that may slowly replace after 
transplantation. Therefore, further studies are required 
to quantitatively analyze the allogeneic ECM compo-
nents such as distribution and change of collagen types 
at specific time points after transplantation.

Overall, we have demonstrated that decellularized al-
logeneic connective tissue membranes can be prepared, 
stored beforehand, and used as functional vascular tis-
sues. They could, therefore, be an ideal cardiovascular 
graft option.

ACKNOWLEDGMENTS
This study was supported by the Japan Society for 
the Promotion of Science (JSPS) KAKENHI grants 
JP16K10438, JP19H03742, and JP19K22667 from the 
Ministry of Education, Culture, Sports, Science and 
Technology (MEXT) of Japan. We would like to thank 
Editage (www.edita ge.jp) for English language editing.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS
Concept/design: Masashi Yamanami, Keiichi Kanda, and 
Satoshi Gojo; Data collection: Masashi Yamanami, Kazuki 
Morimoto, Tomoya Inoue, Taiji Watanabe, Osamu Sakai, 
and Daisuke Kami; Data analysis/interpretation: Masashi 
Yamanami, Keiichi Kanda, Daisuke Kami, and Satoshi 
Gojo; Drafting article: Yamanami Masashi; Critical revi-
sion of article: Keiichi Kanda, Satoshi Gojo, and Hitoshi 
Yaku.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analyzed during the 
current study are not publicly available due to also being 
part of an ongoing study but are available from the corre-
sponding author on reasonable request.

http://www.editage.jp


642 |   ALLOGENEIC ARTERIAL PATCH IMPLANTATION 

ORCID
Masashi Yamanami   https://orcid.
org/0000-0001-6862-8046 
Keiichi Kanda   https://orcid.org/0000-0001-5966-4416 

REFERENCES
 1. Shin’oka T, Breuer C. Tissue- engineered blood vessels in pediat-

ric cardiac surgery. Yale J Biol Med. 2008;81(4):161– 6.
 2. Durko AP, Yacoub MH, Kluin J. Tissue engineered materi-

als in cardiovascular surgery: the surgeon's perspective. Front 
Cardiovasc Med. 2020;7:55.

 3. Shin'oka T, Imai Y, Ikada Y. Transplantation of a tissue- 
engineered pulmonary artery. N Engl J Med. 2001;344(7):532– 3.

 4. Pektok E, Nottelet B, Tille JC, Gurny R, Kalangos A, Moeller M, 
et al. Degradation and healing characteristics of small- diameter 
poly (epsilon- caprolactone) vascular grafts in the rat systemic 
arterial circulation. Circulation. 2008;118(24):2563– 70.

 5. McAllister TN, Maruszewski M, Garrido SA, Wystrychowski 
W, Dusserre N, Marini A, et al. Effectiveness of haemodialysis 
access with an autologous tissue- engineered vascular graft: a 
multicentre cohort study. Lancet. 2009;373(9673):1440– 6.

 6. Lawson JH, Glickman MH, Ilzecki M, Jakimowicz T, Jaroszynski 
A, Peden EK, et al. Bioengineered human acellular vessels for 
dialysis access in patients with end- stage renal disease: two 
phase 2 single- arm trials. Lancet. 2016;387(1032):2026– 34.

 7. Nakayama Y, Ishibashi- Ueda H, Takamizawa K. In vivo tissue- 
engineered small- caliber arterial graft prosthesis consisting of 
autologous tissue (biotube). Cell Transplant. 2004;13(4):439– 49.

 8. Watanabe T, Kanda K, Ishibashi- Ueda H, Yaku H, Nakayama 
Y. Autologous small- caliber “biotube” vascular grafts with ar-
gatroban loading: a histomorphological examination after im-
plantation to rabbits. J Biomed Mater Res B Appl Biomater. 
2010;92(1):236– 42.

 9. Yamanami M, Ishibashi- Ueda H, Yamamoto A, Iida H, 
Watanabe T, Kanda K, et al. Implantation study of small- 
caliber “biotube” vascular grafts in a rat model. J Artif Organs. 
2013;16(1):59– 65.

 10. Rothuizen TC, Damanik FFR, Lavrijsen T, Visser MJT, 
Hamming JF, Lalai RA, et al. Development and evaluation 
of in vivo tissue engineered blood vessels in a porcine model. 
Biomaterials. 2016;75:82– 90.

 11. Kato N, Yamagishi M, Kanda K, Miyazaki T, Maeda Y, 
Yamanami M, et al. First successful clinical application of the 
in vivo tissue- engineered autologous vascular graft. Ann Thorac 
Surg. 2016;102(4):1387– 90.

 12. Fujita S, Yamagishi M, Kanda K, Maeda Y, Inoue T, Yamanami M, 
et al. Histology and mechanics of in vivo tissue- engineered vas-
cular graft for children. Ann Thorac Surg. 2020;110(3):1050– 4.

 13. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. 
Improving bioscience research reporting: the ARRIVE guide-
lines for reporting animal research. PLoS Biol. 2010;6:e1000412.

 14. Kawasaki T, Kirita Y, Kami D, Kitani T, Ozaki C, Itakura Y, et al. 
Novel detergent for whole organ tissue engineering. J Biomed 
Mater Res A. 2015;103(10):3364– 73.

 15. Nakayama Y, Kaneko Y, Okumura N, Terazawa T. Initial 3- year 
results of first human use of an in- body tissue- engineered autol-
ogous “biotube” vascular graft for hemodialysis. J Vasc Access. 
2020;21(1):110– 5.

 16. Roosens A, Somers P, De Somer F, Carriel V, Van Nooten G, 
Cornelissen R. Impact of detergent- based decellularization 
methods on porcine tissues for heart valve engineering. Ann 
Biomed Eng. 2016;44(9):2827– 39.

 17. Simionescu DT. Prevention of calcification in bioprosthetic 
heart valves: challenges and perspectives. Expert Opin Biol 
Ther. 2004;4(12):1971– 85.

 18. Mahara A, Somekawa S, Kobayashi N, Hirano Y, Kimura 
Y, Fujisato T, et al. Tissue- engineered acellular small diam-
eter long- bypass grafts with neointima- inducing activity. 
Biomaterials. 2015;58:54– 62.

 19. Mendibil U, Ruiz- Hernandez R, Retegi- Carrion S, Garcia- 
Urquia N, Olalde- Graells B, Abarrategi A. Tissue- specific de-
cellularization methods: rationale and strategies to achieve 
regenerative compounds. Int J Mol Sci. 2020;21(15):5447.

 20. Ma J, Ju Z, Yu J, Qiao Y, Hou C, Wang C, et al. Decellularized 
rat lung scaffolds using sodium lauryl ether sulfate for tissue 
engineering. ASAIO J. 2018;64:406– 14.

 21. Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole 
organ decellularization processes. Biomaterials. 2011;32(3):3233– 43.

 22. Langer R, Vacanti JP. Tissue engineering. Science. 
1993;260(5110):920– 6.

 23. Dahl SL, Kypson AP, Lawson JH, Blum JL, Strader JT, Li Y, et al. 
Readily available tissue- engineered vascular grafts. Sci Transl 
Med. 2011;3(68):68ra9.

 24. Wystrychowski W, McAllister TN, Zagalski K, Dusserre N, 
Cierpka L, L'Heureux N. First human use of an allogeneic 
tissue- engineered vascular graft for hemodialysis access. J Vasc 
Surg. 2014;60(5):1353– 7.

How to cite this article: Yamanami M, Kanda K, 
Morimoto K, Inoue T, Watanabe T, Sakai O, et al. A 
tissue- engineered, decellularized, connective tissue 
membrane for allogeneic arterial patch implantation. 
Artif Organs. 2022;46:633– 642. https://doi.
org/10.1111/aor.14102

https://orcid.org/0000-0001-6862-8046
https://orcid.org/0000-0001-6862-8046
https://orcid.org/0000-0001-6862-8046
https://orcid.org/0000-0001-5966-4416
https://orcid.org/0000-0001-5966-4416
https://doi.org/10.1111/aor.14102
https://doi.org/10.1111/aor.14102

