
Title Studies on Mechanical Properties of In-vivo Tissue Formation and In-situ Adaptation Processes
in Regenerative Medicine Based on In-Body Tissue Architecture (iBTA)

Author(s) 寺澤, 武

Degree Grantor 北海道大学

Degree Name 博士(工学)

Dissertation Number 甲第13688号

Issue Date 2019-03-25

DOI https://doi.org/10.14943/doctoral.k13688

Doc URL https://hdl.handle.net/2115/74123

Type doctoral thesis

File Information Takeshi_Terazawa.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



 

 

Studies on Mechanical Properties of 

In-vivo Tissue Formation and In-situ Adaptation Processes 

in Regenerative Medicine Based on 

In-Body Tissue Architecture (iBTA) 

 

（生体内組織形成術(iBTA)を基盤とする再生医療における 

組織構築並びに自己化過程の機械的特性に関する研究） 

 

 

Graduate School of Chemical Sciences and Engineering 

Hokkaido University 

 

Takeshi Terazawa 

 

2018 

 



i 

 

 

Table of Contents 

 

Table of Contents   …………………………………………   i 

Chapter 1 General Introduction …………………………  1 

1.1 Clinical background  …………………………………   1 

1.2 Implantatable biomaterials …………………………………   1 

1.2.1 Artifical grafts  …………………………………   1 

1.2.2 Autografts  …………………………………   2 

1.2.3 Allografts and xenografts …………………………   3 

1.2.4 In vitro tissue-engineered biomaterials …………   4 

1.3 Concept of in-body tissue architecture (iBTA) …………   4 

1.4 Measurement methods of mechanical properties of  

living soft tissues  …………………………………   5 

1.5 Thesis outline  …………………………………………   6 

1.6 References  …………………………………………     8 

 

Chapter 2 In-vivo formation and mechanical properties 

  of iBTA-induced tissues 

 

2.1 Ethanol treatment effect of iBTA-induced tubular tissues 

(Biotubes)  …………………………………………  17 

2.1.1 Introduction …………………………………………    17 

2.1.2 Materials and methods …………………………    18 



ii 

 

      2.1.3 Result  …………………………………………   21 

      2.1.4 Discussion …………………………………………   23 

      2.1.5 Conclusion …………………………………………   25 

      2.1.6 References …………………………………………   26 

 

2.2 Wall thickness control of iBTA-induced Biotubes …………    33 

2.2.1 Introduction  …………………………………    33 

2.2.2 Materials and methods  …………………………    34 

2.2.3 Result  …………………………………………    36 

2.2.4 Discussion …………………………………………    37 

2.2.5 Conclusion …………………………………………    39 

2.2.6 References …………………………………………    40 

 

2.3 Possibility to aortic valve reconstruction materials of  

iBTA-induced sheet-like tissues (Biosheets) ………… 44 

2.3.1 Introduction   ………………………………… 44 

2.3.2 Materials and methods  …………………………    45 

2.3.3 Result  …………………………………………   48 

2.3.4 Discussion …………………………………………   51 

2.3.5 Conclusion …………………………………………   54 

2.3.6 References …………………………………………   56 

 

 

 



iii 

 

Chapter 3  In-situ mechanical adaptation of iBTA-induced tissues 

after animal implantations 

 

3.1 Acute phase evaluation of Biosheets after implantation to 

beagle diaphragms  ………………………………      66 

3.1.1 Introduction  ………………………………    66 

3.1.2 Materials and methods  ………………………   67 

3.1.3 Result  ………………………………………    70 

3.1.4 Discussion ………………………………………    72 

3.1.5 Conclusion ………………………………………    74 

3.1.6 References ………………………………………    76 

 

3.2 Chronic phase evaluation of Biosheets after implantation to  

beagle abdominal wall ………………………………      84 

3.1.1 Introduction  ………………………………    84 

3.1.2 Materials and methods  ………………………   85 

3.1.3 Result  ………………………………………    89 

3.1.4 Discussion ………………………………………    90 

3.1.5 Conclusion ………………………………………    93 

3.1.6 References ………………………………………    94 

 

Chapter 4  Conclusions ………………………………………     103 

List of Publications  ………………………………………     106 

Acknowledgements  ………………………………………     110 



 

1 
 

 

Chapter 1 

 

General Introduction 

 

1.1 Clinical background 

Congenital heart disease (CHD) is a common birth defect and develops in 

approximately 8 in 1000 births. Septal defects and heart valve dysfunction of CHD 

patients are one of the main causes of death 1 year after birth [1-2]. Valvular disease 

acquired from sequelae of rheumatic fever [3], aortic valve stenosis owing to calcification 

accompanying aging, and mitral regurgitation caused by tissue weakness owing to valve 

degeneration, is increasing [4]. 

Omphaloceles, gastroschisis, and congenital diaphragmic hernia are also 

congenital defects with a high mortality rate [5]. In adults, an inguinal hernia occurs more 

frequently in men 40 and older, owing to weakened tissues of the body caused by aging 

[6]. When the body tissue is a defect owing to a congenital defect, aging, or an accident, 

and the defect is small, self-healing or direct suturing is performed; however, when the 

defect is large, a graft material is required [5].  

 

1.2 Implantable biomaterials 

1.2.1 Artificial grafts 

Autografts, allografts obtained from cadavers, and xenografts obtained from 

porcine and bovine, are used as graft materials, and artificial materials are widely used 
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based on their availability. Expanded polytetrafluoroethylene (ePTFE), which is a 

representative artificial material, is used as an artificial blood vessel in tubular form and, 

in the mesh sheet form, is used for hernia repair [7-8]. For valvular disease, valve 

replacement surgery with mechanical valves made of carbon is widely performed [9]. The 

use of artificial materials as the restorative material allows free design of the shape. The 

artificial materials are strong and mass production is possible. However, artificial 

materials are vulnerable to infection [10]. Pediatric adaptation to an abdominal hernia is 

not suitable owing to wound collapse, which could be caused by a foreign body response 

[5]. In addition, if infection occurs, there is a risk of reoperation. When artificial materials 

are used for restoring the cardiovascular system, such as a heart valve and blood vessel, 

the blood adheres to the artificial material, and a thrombus is formed. Therefore, anti-

thrombotic drugs, such as warfarin, are required for the lifetime of the patient, and the 

quality of life, such as restriction of ingestible foods, is lowered. Anticoagulants, such as 

warfarin, are generally contraindicated for pregnant women [11-12]. Therefore, tissues 

derived from living bodies with a high antithrombogenicity are used. For heart valve 

surgery, a biological valve made of bovine, pig, etc. is used. However, there is a problem 

in durability, re-operation is necessary for 10 to 15 years, so users are limited [13-14]. 

 

1.2.2 Autografts 

Autografts are often used as graft materials because they do not cause antigenic 

reactions, are resistant to infection, do not form thrombi, and are inexpensive. For 

example, the internal thoracic vein is used in the bypass operation of the coronary artery, 

and in heart valve repair, the pericardium is used as the graft material [15-16]. In addition, 

autologous auricular cartilage is transplanted in nasal cosmetic formation [17]. However, 
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it cannot be used when a sufficient amount cannot be collected or when it has been used 

in a previous surgery. In addition, the size is inappropriate, and the mechanical strength 

could be insufficient. When using the pericardium for heart valve repair, the strength is 

insufficient because the pericardium is thin; therefore, the strength should be improved 

by a glutaraldehyde treatment [16].  

 

1.2.3 Allografts and xenografts 

Allografts or xenografts are resistant to infection and biocompatible, and when 

used for cardiovascular repair, anticoagulants are not required. However, currently, the 

durability after transplant can be inadequate, and the reoperation risk is higher than that 

of a mechanical valve [18-19]. Calcification is one of the causes of deterioration, 

correlation with immune response to tissues has been recognized, and it is thought to be 

due to glutaraldehyde treatment to suppress antigenicity [20-21]. Recently, a 

decellularization treatment for suppressing an immune reaction has been developed [22-

23]. Issues, such as calcification, could be mediated by functioning as a scaffold of cells 

by decellularization [24]; however, the strength could be lowered depending on the 

method, and further development is required [25]. 

 

 

1.2.4 In vitro tissue-engineered biomaterials 

The shape of autologous, allogeneic, and xenogeneic tissues used as graft 

materials cannot be optimally designed to provide the proper shape and strength for the 

transplant location. An ideal graft material would be an autologous tissue in a free shape. 

Therefore, a previous study has evaluated in vitro tissue formation using tissue 
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engineering technology. Representative examples include the cell sheet engineering 

method involving laminating cells using a special culture dish and forming a tubular shape 

[26] and the use of a bio 3D printer, which stacks self cells using a stereoscopic method. 

These methods could be used to create a shape design for blood vessel and hernia 

applications [27-28]. However, currently, it is difficult to artificially construct a vascular 

network that nourishes cells forming tissues and to form thick tissue [29]. For example, 

the strength of the restorative material is assumed insufficient for a part requiring strength, 

such as the abdominal wall and diaphragmatic hernia in humans and large animals. To 

adapt the mechanical characteristics of a graft material, a technology that can freely 

design a thick and durable structure is required. However,  ideal materials that can be 

used for implantation have not been developed. 

 

1.3 Concept of in body tissue architecture (iBTA) 

In body tissue architecture (iBTA) technology can be used to create ideal 

materials [30-32]. The iBTA technology implants an arbitrarily designed mold with an 

internal space in vivo and applies the internally formed tissue as a graft material (Figure 

1a). When the mold is implanted subcutaneously, subcutaneous cells enter the inside of 

the mold, and the tissue is formed by biosynthesizing the protein by newly forming the 

capillary (Figure 1b). After two months, the tissue is fully formed inside the mold. The 

formed tissue, referred to as Biotube or Biosheet, has a high biocompatibility and growth 

potential after implantation (Table 1-1) [33]. If it can be freely designed in size and can 

be changed in mechanical properties by this technology, it is considered superior to other 

graft materials (Table 1-1). 

In this study, we investigated the controllability of the tissue shape using iBTA 
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technology and the relationship between the design parameters of the mold and the 

mechanical properties of the formed tissue. Then, for an aortic valve leaflet application, 

the required strength was clarified, and the sheet thickness was defined to maintain the 

hemodynamics. Furthermore, we investigated the temporal change of the mechanical 

properties of the tissue after implantation to determine its applicability as a graft material. 

 

1.4 Measurement methods for the mechanical properties of living soft 

tissues 

The mechanical properties of biological soft tissues, such as the pericardium and 

amniotic membrane, have been studied to evaluate their quality and dynamic 

characteristics as graft materials [34] [35]. The tissues are not uniform in shape 

(thickness) and are incompressible heterogeneous materials that deform with load. Their 

properties are nonlinear and anisotropic [36]. Therefore, there is no standard method for 

evaluation, and whether nominal stress or true stress should be used for the stress 

expressing material properties is unknown [37]. 

In this thesis, bulk mechanical properties (shape) and material mechanical 

properties were considered. The bulk mechanical properties were used as the evaluation 

indexes of the reliability performance and flexibility of actual implants, and the material 

mechanical properties were used as the evaluation indexes of the material changes (tissue 

regeneration). To accurately evaluate soft tissue, an accurate measurement of the shapes 

of various thicknesses is required without contact and with a high resolution. Optical 

coherence tomography is a method that provides a tomographic image of tissue using a 

near-infrared laser. This method is harmless to the human body and is generally used for 

retinal diagnosis in ophthalmology. The high decomposability and no-contact property of 
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this method could be applied to shape measurement, and an algorithm was developed and 

used in this study. The material properties should be analyzed using the true stress-true 

strain curve because the living soft tissue is incompressible and deforms. This was 

adopted for the analysis method shown in Figure 1-3. 

 

1.5 Thesis outline 

This thesis consists of four chapters. The background related to this research is 

introduced in Chapter 1. 

In Chapter 2, the investigation of the mechanical properties of the in-vivo iBTA-

induced tissues are discussed. 

In Section 1, the treatment methods on the strength of the iBTA-induced tubular 

tissues (Biotubes) are mentioned. When the tensile load corresponding to the blood 

pressure was repeatedly applied, the temporal deformation amount and the change of the 

mechanical properties before and after the fatigue test were examined for the Biotubes 

treated at a 10% and 70% concentration.  

In Section 2, the relationship between the thickness of the iBTA-induced tissues 

and their strength are described. The ability to adjust the Biotube wall thickness was 

examined by changing the distance parameter of the internal gap of the mold. The 

relationship between the wall thickness and mechanical strength were investigated. 

As discussed in Section 3, thin-membrane iBTA-induced tissues (Biosheets) 

were prepared in goats, and their strength was investigated for an aortic valve 

reconstruction application. The required mechanical strength was examined from the 

strength measurement of the human pericardium. 

In Chapter 3, the mechanical property changes of the iBTA-induced tissues 
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(Biosheets) after animal implantation are discussed. 

As mentioned in Section 1, the Biosheets were implanted into the diaphragm, 

and a follow-up observation was conducted in the acute phase. 

As discussed in Section 2, the Biosheets were implanted into the abdominal 

wall, and a follow-up observation was conducted in the chronic phase. 

 Finally, in Chapter 4, the research summary and conclusions are discussed. 
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Figure 1-1. (a) Conceptual diagram of the in-body tissue architecture. The tissue formed 

inside the mold is used as the graft material. Image (b) shows the tissue formation 

principle of the in-body tissue architecture technology. The mold consists of a center 

mandrel and outer cage with a slit and cap. The fibroblasts surrounding the mold 

embedded in the subcutaneous space enter between the center mandrel and outer cage 

from the slit and form collagen to fill the internal space of the mold. 
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Table 1-1. Summary of the advantages and disadvantages of the graft materials. This 

thesis focuses on the shape design performance of the in-body tissue architecture and the 

suitability of the mechanical properties as a graft material [35]. 
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Figure 1-3. Evaluation process of the mechanical properties. An original algorithm for 

specimen thickness mapping using optical coherence tomography was developed. The 

thickness of the rupture position and the width of the sample was measured with a high 

accuracy and without contact in a soft tissue with various thicknesses. 
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Chapter 2.1 

 

Ethanol treatment effect of iBTA-induced 

tubular tissues (Biotubes) 

 

2.1.1 Introduction 

As tissue-engineered blood vessels (TEBV), cultured blood vessels, such as 

cytograft [1] and decellularized blood vessels [2], have been developed according to in 

vitro cell management protocol. Recently, cultured vessels using three-dimensional 

bio-printers [3] have also been developed. Furthermore, Biotube collagenous tubular 

tissues have been produced in vivo [4,5]. The mechanical strength of these 

tissue-engineered vessels is maintained by the extracellular matrixes (ECMs) mainly 

consisting of collagen. It is desirable to store these tissues easily, without the tissue 

being deteriorated for a long period until implantation. Methods to store these tissues 

include cryopreservation, wet preservation, and freeze-drying. Conventional 

cryopreservation methods damage the ECMs and reduce their mechanical strength [6,7], 

and therefore, a special equipment has been developed; however, highly reliable 

sterilization method has not been established [8].  

As ethanol can help maintain ECMs cost-effectively at room temperature, it is 

used to store amniotic membranes [9] or Biotubes [4,5]. Ethanol prevents hydrolysis by 

water, growth of residual microorganisms, and prevents collagen degradation by 
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residual endogenous enzymes [10]. On the contrary, as ethanol dehydrates tissues, the 

degree of contraction and deformation of tissue varies depending on the concentration 

of ethanol, leading to changes in their strength or compliance. 

In this study, the mechanical properties of Biotubes stored in two different 

concentrations (10% or 70%) of ethanol at room temperature were compared by fatigue 

and tensile tests.  

 

2.1.2 Materials and methods 

2.1.2.1 Ethical approval 

All animals received care according to the Principles of Laboratory Animal Care 

(National Institutes of Health, No. 56-23, received 1985) and the research protocols 

were approved by the Ethics Committee of National Cerebral and Cardiovascular 

Center (No. 17013).  

 

2.1.2.2 Preparation of Biotube 

According to our previous report [5], Biotubes were prepared by embedding 

molds (four per goat) in the abdominal subcutaneous pouches of a goat (approximately 

40 kg). Briefly, anesthesia was induced with intramuscular (IM) xylazine 2 mg/kg after 

intra-tracheal intubation, and was maintained by isoflurane inhalation. Two months 

after the embedding procedure, the molds were harvested and Biotubes (internal 

diameter 6 mm, wall thickness ca. 2 mm) were extracted by removing the molds. The 

Biotubes were stored in 10% or 70% ethanol solution for 20 d at room temperature prior 

to the measurement of mechanical properties. 
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2.1.2.3 Measurement of wall thickness 

Biotubes and goat carotid arteries (CA, internal diameter ca. 5 mm) were cut into 

5-mm width pieces (n = 5 in 10%, n = 6 in 70%, n = 5 in CA), and then opened to 

obtain rectangular samples. The wall thickness mapping of all samples on the whole 

surface was constructed by optical coherence tomography system (OCT, IVS-2000; 

Santec, Aichi, Japan). Briefly, the spatial resolution of the OCT was 0.0391 mm in 

surface length and 0.008 mm in depth. The sample was placed with its smooth surface 

in contact with the stage and laser light was irradiated perpendicularly to the stage 

surface. An algorithm was developed to calculate the thickness distribution by 

determining the local maximum point of reflection intensity closest to the depth 

direction from the irradiation position as the sample surface position. Subsequently, the 

thickness data along the longitudinal axis close to the breaking position was obtained; 

the average value of sampling data was defined as the thickness at the breaking point. 

 

2.1.2.4 Fatigue test 

The samples were fixed with clamps (distance: 5 mm) and repeatedly loaded by a 

tensile system (MMT-250NV-10; Shimadzu, Japan). For each sample, a tension of 0.2–

0.32 N, corresponding to the aortic pressure of 80–120 mmHg, was applied by upper 

chuck moved at a frequency of 10 Hz and was repeated 700,000 times (7 d in terms of 

heartbeat of 70 bpm). The sample was then bathed with saline circulated by a pump and 

maintained wet. The elongation of sample was measured by the distance between the 

chucks, and the load applied to the sample was also measured. After the cyclic load test, 

the thickness of tissue was measured by OCT. 
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2.1.2.5 Measurement of breaking strength 

Tissue strength was measured using cyclic loaded samples and unloaded control 

sample with a uniaxial tensile tester (EZ-LX; Shimadzu, Kyoto, Japan). The sample was 

fixed at a distance of 5 mm with two chucks in order to extend it in the circumferential 

direction. The distance between the chucks was preloaded with a load of 0.02 N and 

thereafter the initial length of the sample obtained. The load was applied at a speed of 

0.5 mm/s until it fractured. The breaking strength was defined as the maximum load 

value (N) at the highest point of the obtained load-extension curve. The unit-breaking 

strength was defined as a value obtained by dividing the breaking strength by the 

sample width. 

 

2.1.2.6 Calculation of mechanical values 

True stress/true strain was calculated according to a previously published method 

[11], using the thickness of the breaking position measured with the OCT, and the load 

and displacement was measured with a tensile tester. The ultimate tensile strength 

(MPa) was determined from the maximum value of stress and Young's modulus (MPa) 

was determined from the maximum slope of the stress-strain curve. 

The physiological modulus was calculated according to a previously published 

method [11]. From the Laplace equation, the relationship between the stress in the 

circumferential direction as following formula: 

Di = D0 (1 + ) 

 = (Pi × Di ) / (2 × t) 

Where,  is the circumferential stress of tube, Pi is the blood pressure, D0 is the 

initial internal diameter, Di is the internal diameter,  is the strain of each sample, and t 
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is wall thickness. Physiological modulus is a gradient value calculated from slope from 

circumferential stress and strain of 80 mmHg and 120 mmHg. 

The burst strength was calculated using the following formula: 

P = 2F / L0Di 

where, P is the estimated burst pressure, F is the breaking strength, and L0 is the initial 

sample length of the ring sample. 

 

2.1.2.7 Statistical analyses 

The results are expressed as mean ± standard deviation. The differences in mean 

values between groups were examined by the t test and the differences with a p value of 

< 0.05 were considered significant. 

 

2.1.3 Results 

Biotubes were obtained as a tubular tissue in spiral shape with an internal 

diameter and length of approximately 6 mm and 25 cm, respectively (Figure 2-1-1a). A 

part of Biotube was randomly cut to a width of 5 mm, and then a rectangular sample [5 

mm × 18 mm) was obtained by cutting in longitudinal direction (Figure 2-1-1b). A 

typical example of the wall thickness mapping of the original samples after storing in 

each ethanol solution constructed by OCT system is shown in Figure 2-1-1c, d. When 

stored in 10% solution, the averaged thickness of the sample was 1.84 ± 0.14 mm, but 

was 1.52 ± 0.29 mm after storing in 70% solution (Figure 2-1-1e, f). 

After the fatigue test, the thickness of the 10%-sample decreased significantly to 

1.14 ± 0.22 mm, but there was no significant change in the 70%-sample (Figure 2-1-1e, 

f). The length of the samples continuously elongated during the fatigue test in both 
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ethanol solutions (Figure 2-1-2). The difference in the elongation between two samples 

was gradually spreaded, with a significant difference at p value < 0.05 after 350,000 

cycles, p < 0.01 after 450,000 cycles. After 700,000 cycles, the elongation ratio of the 

10%-sample was 76.8 ± 24.2%, and that of the 70%-sample was 17.8 ± 11.5%. 

The typical stress-strain curves of samples before and after the fatigue test were 

shown in Figure 2-1-3. Almost similar curves were obtained in 70%-sample, but in 

10%-sample marked deviation in the stress was observed. The mechanical properties 

obtained from the stress-strain curves are summarized in Figure 2-1-4. The ultimate 

tensile strength after the fatigue test was significantly higher in the 10%-sample, but the 

unit length-breaking load representing the actual strength was equivalent before and 

after the fatigue test. In the 70%-sample, no significant difference was observed 

between tensile strength and breaking strength before and after the fatigue test. The 

ultimate tensile strength of goat carotid artery was at least 8 times higher than any 

conditions of the Biotubes. The difference in Young's modulus was also found to be 

significant before and after the fatigue test in the 10%-sample. The physiological 

modulus of the 70%-sample was higher than that of the 10%-sample. The physiological 

modulus, which is rigid in the strain range at arterial pressure, was higher in the 

70%-sample than in the 10%-sample. In addition, the physiological modulus of 

10%-sample also increased significantly before and after the fatigue test. The goat 

carotid artery was lower in physiological modulus than the Biotube, but Young 's 

modulus was higher. The fracture strain and estimated burst pressure did not exhibit 

significant difference before and after the fatigue test. And also, the fracture strain was 

significantly smaller in the after fatigue test than in the 70%-sample in the 10% sample. 

In the comparison after the fatigue test, the fracture strain of the 10%-sample was 
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significantly smaller than the 70%-sample. The goat carotid artery was about 3 times 

the fracture strain of Biotubes. 

 

2.1.4. Discussion 

In the present study, I focused on the concentration of ethanol used for the store of 

Biotubes and studied the relationship between shape and mechanical properties. Even 

with the wall tension generated at the blood pressure level, elongation occurred when 

stored in low concentration (10%) of ethanol, and the wall thickness was thin. Although 

the tensile strength and Young's modulus of the sample increased before and after 

stretching, the breaking strength was equivalent. After the fatigue test, physiological 

modulus increased in the 10%-sample, the fracture strain of the 10%-sample was 

smaller than the 70%-sample and it was difficult to stretch and fracture strain of the 

10%-sample was also decreased. Contrarily, store in 70% ethanol showed no significant 

changes in ultimate tensile strength, and breaking strength was observed before and 

after the fatigue test. 

The transplantation of amniotic membrane into the cornea has been reported. The 

interstitial tissue, which is the substantial tissue of the amniotic membrane, is a tissue 

composed mainly of collagen, and it has been conventionally cryopreserved [12]. 

However, cryopreservation not only requires large-scale facilities, but also there is a 

concern that the ECM will be destroyed [13]. A special dry method has also been 

developed with need of complicated protocols [14,15]. On the other hand, 

glutaraldehyde solution can improve the tissue strength and elastic modulus by chemical 

cross-linking [16]. However, it is one of major factors for calcification after 

implantation [17]. In clinical organ transplantation, human aorta was stored by 
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refrigeration with Euro-Collins solution known as an organ preservation solution [18]. 

There was no significant change in its mechanical property even after store at 4 °C for 

31 days. However, because there is no sterilization function in the preservation solution, 

careful clean management is needed. 

Differences based on ethanol concentrations appeared in the strain and 

physiological modulus of the Biotube. The elongation of Biotube preserved in 10% 

ethanol was higher than that of Biotubes stored in 70% ethanol. With the elongation of 

the wall of Biotube, the internal diameter of the tube increases. According to Laplace's 

law, the internal diameter of the tube is proportional to the wall tension, and therefore, 

expansion of the internal diameter results in an increase in wall tension. Therefore, even 

if the breaking strength is equal, the burst pressure decreases as the internal diameter 

increases. There is also the possibility of development of aneurysm when transplanting 

a Biotube preserved with low concentration ethanol into an artery. As a result, a 

thrombus might form within the artery with aneurysm, causing cerebral infarction or 

myocardial infarction [19,20]. Although no significant difference was observed in this 

study, the degree of decrease in the burst average value was high when the Biotubes 

were stored in 10% ethanol. Theoretically, it is thought that the influence of elongation 

increases as the internal diameter of the tube increases. It seems that ethanol can 

increase practical compliance and prevent elongation. Therefore, untreated Biotubes are 

deemed inappropriate for transplantation, and from the viewpoint of ease of expansion, 

it may be better to treat 70% ethanol. 

The rate of elongation was significantly different between the samples at 350,000 

cycles, which is equivalent to 3.5 d at a heart rate of 70 bpm. Approximately 15% strain 

occurred even when stored in 70%, it may be better for the concentration to be higher, 
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so its optimization is a future task. In fact, it is thought that the Biotube made of 

collagen functions as a cell scaffold in vivo after transplantation and the tube is 

strengthened by matrix formation of the migrated cells. Further studies are needed to 

determine how dynamically the changes in physical property occur. 

 

2.1.5 Conclusion 

There was no significant decrease in the strength of Biotubes stored in 10% and 

70% ethanol solutions at room temperature even with repeated tension generated by 

aortic pressure. However, after repeated loading, the elongation of Biotubes stored in 

10% ethanol was higher than that of Biotubes stored in 70% ethanol; this might induce 

aortic aneurysm when transplanted into the aorta. Storing Biotubes in high 

concentration ethanol solution improved practical compliance and prevented stretching. 

The preservation of ECM with 70% ethanol is a cost effective, saft and easy method. 
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Figure 2-1-1. Images of the Biotube obtained from the mold (a) and cross-sectional 

view of the Biotube and Biotube rectangular sample stored in 70% ethanol solution (b). 

Thickness mapping by OCT of the sample stored in 10% (c) or 70% ethanol (d) before 

and after the fatigue test. The average and standard deviation of the thickness of the 

tensile stress area of the samples stored in 10% (e) or 70% ethanol (f) before and after 

the fatigue test. The significance levels by statistical analysis are ** p < 0.01. 
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Figure 2-1-2. Relationship between the number of cycles in the fatigue test and strain of 

the Biotube samples. The significance levels by statistical analysis are * p <0.05 and ** 

p < 0.01. 
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Figure 2-1-3. Stress – strain curve of Biotube samples stored in 10% or 70% ethanol 

before and after the fatigue test. A goat carotid artery’s curve is also plotted. Curves are 

showed by the average line for each condition 
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Figure 2-1-4. Physical properties of Biotube samples stored in 10% or 70% ethanol 

before and after the fatigue test, and goat carotid artery. The significance levels by 

statistical analysis are * p < 0.05 and ** p < 0.01. p <0.01 was observed in all goat 

carotid artery cases, except for the unit breaking strength. 
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Chapter 2.2 

 

Wall thickness control of iBTA-induced Biotubes 

 

2.2.1 Introduction 

In-body tissue architecture (IBTA) is an in vivo tissue-engineering technology 

used to prepare autologous or allogenic implantable tissues [1]. In classical IBTA, 

foreign materials are encapsulated primarily by fibroblasts and collagen fibers. However, 

the walls of the obtained tissues are very thin (<0.1 mm) because these tissues 

encapsulate only the surface of a simple silicone rod [2]. Recently, thick and strong 

small-caliber tubular structures with an inner diameter of 2 mm have been formed by 

developing a new-concept IBTA using a type-C mold, which has a cage with slits 

surrounding a silicone center rod [2]. Tissues with approximately 1-mm thickness are 

formed by cell migration through the slits to the rod–cage gap. 

In this study, large-sized type-C molds were designed for preparing large Biotubes 

with the inner diameter ranging from 11 to 17 mm. The wall thickness of these Biotubes 

could be controlled by changing the rod–cage gap in the molds. Furthermore, the 

mechanical/histological properties of the Biotubes were evaluated to verify their 

application to grafts for various tubular or sheet-like tissues such as tracheae, esophagi, 

or pericardia. 
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2.2.2 Materials and methods 

2.2.2.1 Preparation of molds 

Four types of molds were prepared by changing the rod–cage gap. The molds 

were assembled using three parts: a silicone center rod (outer diameter: 11, 13, 15, or 17 

mm), a stainless-steel cage (internal diameter: 19 mm) with several slits (8 × 2 mm), 

and plastic caps made using a 3D digital printer (ProJet 3510 HD Plus, 3D Systems, 

Rock Hill, SC) (Figure 2-2-1A).  

 

2.2.2.2 Ethical approval 

All animals received care according to the Principles of Laboratory Animal Care 

(National Institutes of Health, No. 56-23, received 1985), and the research protocols 

were approved by the ethics committee of National Cerebral and Cardiovascular Center 

(No. 17013) and Hokkaido University (No. 16-0110). The clinical research process 

involving human pericardium was approved by the ethics committee of the National 

Cerebral and Cardiovascular Center (No. M27-054) and of the Oita University 

(No.868). 

 

2.2.2.3 Preparation of Biotubes 

Four types of molds (n = 3 for each type) were surgically embedded in the 

abdominal subcutaneous pouches of three Holstein cows (body weight: approximately 

700 kg) under the combination of epidural and infiltration anesthesia. After 8–12 weeks, 

the molds were harvested with the surrounding connective tissues. Biotubes were 

obtained by removing the mold materials along with the surrounding connective tissues 

and were then stored in a 70% ethanol solution. 
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2.2.2.4 Preparation of control samples 

Three types of arteries (ascending aorta (inner diameter: 5.72 ± 0.37 mm), 

thoracic aorta (4.41 ± 0.55 mm), and carotid artery (2.06 ± 0.29 mm)), tracheae 

(15.05 ± 2.25 mm), pericardia, and esophagi (11.8 ± 0.91 mm) were harvested from 

three female beagles (age: 1 year). Rabbit tracheae (5.85 ± 0.20 mm) were harvested 

from three Japanese white rabbits (age: 3 months). Three glutaraldehyde-pretreated 

human pericardia (age: 73 years (male), 79 years (female), 85 years (male)) were 

supplied by Oita University after aortic valve reconstruction (i.e., Ozaki procedure) [3]. 

One bovine pericardium was purchased from Edwards Lifesciences (Irvine, CA, Model 

No. 4700, SN 4294581). 

 

2.2.2.5 Measurements of wall thickness and lumen holding force 

Wall thicknesses were measured using a thickness gauge (ID-C1012XBS, 

Mitsutoyo, Kanagawa, Japan). After immersion in physiological saline for 10 min, the 

ring-shaped samples (10-mm length) were compressed using a rheometer (RE2-33005C, 

Yamaden, Tokyo, Japan) with a flat plunger at a constant speed (0.1 mm/s) until the 

inner diameter ratio was reduced by 30%. The lumen holding force at 25% deformation 

was normalized by the following equation: 

 

where 𝐹𝑛 is the normalized lumen holding force; 𝐹, the lumen holding force; , the 

inner diameter of the tube; and 𝐿, the longitudinal-axis length of the tube. 
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2.2.2.6 Measurements of breaking strength and elastic modulus 

Tissue strengths were measured using a tensile tester having a hemispherical 

plunger with a 5-mm diameter (P&M, Fukushima, Japan). The tissue samples, which 

were cut to form (10 × 10)-mm squares and then fixed to a sample folder, were 

stress-loaded to rupture at a rate of 0.05 mm/s. The breaking strength was defined as the 

maximum load value (gf) at the highest point of the load-extension curve. The ultimate 

elastic modulus (MPa) was determined from the maximum slope of the load-extension 

curve. 

 

2.2.2.7 Histological examination 

Biotubes were fixed with 10% neutral buffered formalin, embedded in paraffin, 

and sectioned into (3–5)-μm sections. The specimens were stained with hematoxylin 

and eosin stain for the general examination, Masson’s trichrome stain for collagen 

testing, and Elastica van Gieson stain for elastin testing. 

 

2.2.2.8 Statistical analysis 

The results were expressed as mean ± standard deviation. The analysis of variance 

and t-test were used to check for significant differences among the groups, and p < 0.05 

was considered significant. Linear relationships were examined by linear regression 

analysis. 

 

2.2.3 Results 

Large-sized Biotubes whose inner diameters were over 11 mm were formed in all 

the molds for every gap distance (Figure 2-2-1B). All Biotubes had almost the same 
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outer diameter of 19 mm, which corresponded to the inner diameter of the cage. Their 

wall thickness was approximately 1–3 mm and increased linearly with the gap distance; 

consequently, the Biotube tissues filled approximately 80% of the gap (Figure 2-2-1A). 

All the Biotubes were collagen-based tissues regardless of the wall thickness (Figure 

2-2-1C a, b). Even at the center part of the thickest tissue, significant necrosis was not 

observed with many angiogenesis (Figure 2-2-1C c). At the outside of the wall, elastic 

fibers were observed near the slit parts (red arrowheads in Figure 2-2-1C d). 

The mechanical properties of the Biotubes are summarized in Figure 2-2-2B–D. 

The breaking strength almost linearly increased with the wall thickness of the Biotubes 

(Figure 2-2-2B). Comparison of Biotubes and blood vessels compared with arteries that 

are close in thickness. The thinnest Biotubes were compared with the carotid artery, and 

no significant difference in breaking strength. The second and third thin Biotubes was 

compared with the thoracic aorta and ascending aorta, both of which were higher than 

that of beagle blood vessels. The thickest Biotubes were as strong as bovine pericardium. 

Young’s modulus, which ranged from 1 to 3 MPa, exhibited only minor correspondence 

with the wall thickness and was similar to that of beagle pericardium (Figure 2-2-2C). 

The lumen holding force increased exponentially with the wall thickness (Figure 

2-2-2D). The thickest Biotubes had similar holding force to rabbit trachea. 

 

2.2.4 Discussion 

The important requirements for graft materials used for tubular tissues are 

stress-withstanding ability, availability of various sizes for preparation, on immunogenic 

ability, and infection resistance. A tissue-engineering approach may have the potential to 

satisfy these requirements. However, the tissue fabricated by this approach has been 
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found to possess low breaking strength—approximately half that of the native blood 

vessel [4]. In general, the in vitro preparation of millimeter-scaled thick tissues is very 

difficult because of the limited supply of oxygen and nutrient agents (<~200 μm). 

Therefore, even in sheet-like tissues, vascularization is necessary for culturing. For 

example, cardiomyocyte sheets, which are formed using a temperature-responsive 

culture dish, are cultured in vitro using collagen gel and a vascular endothelial cell 

growth factor with the formation of vascularization, which requires complex facilities 

and processes [5]. Multiple transplantations of the cardiomyocyte sheets into a living 

body are repeatedly performed to form a vascular network in vivo for preparing thicker 

tissues of approximately 1 mm [6]. 

On the other hand, in this study, thick wall tissues with over 3-mm thickness were 

formed in vivo using the type-C mold within 3 months. The thickness could be 

controlled in the range of 1–3 mm. Numerous capillary vessels developed automatically 

with the growth of the tissues. Therefore, necrosis hardly occurred even in the 

millimeter-sized tissues. Even thicker tissues could be obtained by using the type-C 

mold. Previously, type-C Biotubes with an approximately 2-mm inner diameter and 

1-mm wall thickness were implanted into beagle femoral arteries, resulting in perfect 

patency with little stenosis and no aneurysmal dilation in an acute phase model [2]. 

However, a large wall thickness was needed to strengthen the luminal structure, where a 

vascular network that supplied nutrition to the cells was to be created [7]. The breaking 

strength of all the Biotubes having a wall thickness of about 1.5 mm or more obtained in 

the present study was higher than that of beagle blood vessels. Therefore, it is expected 

that Biotubes with appropriate wall thickness can be used as beagle aortic grafts. 

Biosheets, which are IBTA-based sheet-like tissues, were applied for patch 
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implantation in the reconstruction of the trachea [8] or esophagus [9]. The thickest 

Biotubes had a high breaking strength, and their lumen holding force was similar to that 

of rabbit trachea. Therefore, they may be used as a conduit implant in airway 

reconstruction, at least in rabbits. Actually Biosheets, which are IBTA-based sheet-like 

tissues, were already applied for patch implantation in the reconstruction of the trachea 

[8] or esophagus [9] in animal experiments.  

 

2.2.5 Conclusion 

The IBTA using the type-C mold was effective in the formation of large-diameter 

Biotubes with a large wall thickness of 1–3 mm. The thick Biotubes may be used as 

vascular grafts for large-diameter arteries such as the aorta and as alternative grafts for 

other tubular or sheet-like tissues such as tracheae, esophagi, or pericardia. 
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Figure 2-2-1. (A) (a) Photo of type-C mold assembled with silicone rod and cylindrical 

cage with slits. (b) Illustration of cross-sectional view of mold. The rod–cage gap 

distance is set by changing the outer diameter of the rod. (B) Photos of Biotubes formed 

with 1- or 4-mm gap distances. (C) Histological cross-sectional micrographs of 

Biotubes stained with Masson’s trichrome stain for collagen testing (a–c), and with 

Elastica van Gieson for elastin testing (d). The gap distance is 1 mm in (a) and 4 mm in 

(b–d). c is an enlarged picture of the yellow rectangle part in b. d is an enlarged picture 

of the red rectangle part in b. 
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Figure 2-2-2. (A) Wall thickness of formed tissue relative to gap distance of mold.  

(B) Relationship between wall thickness and breaking strength, and comparison 

between Biotubes and native tissues. (C) Relationship between maximum Young’s 

modulus and wall thickness. (D) Comparison of lumen holding force of Biotubes and 

native tissues. HP: Human pericardium, BOP: Bovine pericardium, BP: Beagle 

pericardium, BAA: Beagle ascending aorta, BTA: Beagle thoracic aorta, BCA: Beagle 

carotid artery, BT: Beagle trachea, RT: Rabbit trachea, BE: Beagle esophagus. 
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Chapter 2.3 

 

Possibility to aortic valve reconstruction materials of 

iBTA-induced sheet-like tissues (Biosheets) 

 

2.3.1 Introduction 

Aortic valve replacement with a mechanical or biological prosthesis is a safe and 

established procedure, and regarded as being the gold standard in the treatment of aortic 

valve stenosis or regurgitation. However, mechanical valves are preferred for 

application in younger patients (< 60 years) because of their longer lifetime, while 

biological valves are used with elderly patients in order to avoid the need for oral 

anticoagulants. Ozaki et al. developed a method of aortic valve reconstruction using 

autologous pericardium for aortic valve neo-cuspidization (AVNeo) [1,2]. In this 

method, autologous pericardium is collected and then crosslinked with glutaraldehyde 

(GA) to form a material for application to aortic leaflets. The GA-treated pericardium 

was intraoperatively customized and tailored according to individual sinus 

measurements and based on appropriate Ozaki templates. The leaflet-shaped 

pericardium was sewn along the aortic annuli. In 850 patients treated using AVNeo for 

aortic stenosis (AS), satisfactory medium-term results were reported for durations of up 

to 118 months [1]. However, for young patients, there are concerns about there being an 

insufficient amount of pericardium available for any subsequent operation and 



45 
 

decreased coaptation due to growth; the durability of the autologous pericardium is also 

unknown. 

Nakayama et al. previously developed autologous prosthetic tissues using 

in-body tissue architecture (iBTA) [3]. iBTA is a cell-free tissue-engineering technology 

that can produce autologous implantable collagenous tissues with a desired shape by the 

simple subcutaneous embedding of a specially designed mold. Biosheets, which are 

iBTA-induced membranous tissues, have been applied to the cornea [4], as well as to 

the repair of the diaphragm [5] and esophagus [6]. In the present study, I examined the 

material (thickness and density) and mechanical properties (ultimate tensile strength, 

fracture strain, and Young's modulus) of Biosheets. The possibility of adopting 

Biosheets as the leaflet material for AVNeo was discussed. 

 

2.3.2 Materials and Methods 

2.3.2.1 Ethical approval 

All the animals used in this study received care according to the Principles of 

Laboratory Animal Care (National Institutes of Health, No. 56-23, received 1985), and 

the research protocols were approved by the Ethics Committee of the National Cerebral 

and Cardiovascular Center (No. 17013) and Oita University (No. 1622001). The clinical 

research process using human pericardium was approved by the Ethics Committee of 

the National Cerebral and Cardiovascular Center (No. M28-140) and by the Toho 

University Ohashi Ethics Committee (No.H16062). 

 

2.3.2.2 Mold Preparation 

The mold was assembled by inserting a silicone tube with an outer diameter of 
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15, 16, 16.3, or 16.5 mm into a stainless-steel pipe with an internal diameter of 18 mm 

(Figure 2-3-1a). Therefore, the gap constituting the tissue formation space between the 

silicone tube and the stainless-steel pipe was 0.75, 0.85, 1, or 1.5 mm, respectively. The 

stainless-steel pipe had many line slits arranged in one of two patterns; alternating or 

parallel (Figure 2-3-1b). 

 

2.3.2.3 Preparation of Biosheet and human pericardia 

The molds (n=30 with the alternating pattern, n=36 with the parallel pattern) 

were surgically embedded in the abdominal subcutaneous pouches of Saanen goats 

(n=12, 3–6 molds per goat, weight: 34–59 kg) under a combination of anesthetic 

induction by the intramuscular injection of ketamine and inhalation anesthesia with 

sevoflurane. After 7–12 weeks, the molds were harvested. The tubular tissues formed in 

the molds were removed and dried overnight. Biosheets (5×7 cm) were obtained by 

cutting the tubular tissues in the longitudinal direction and then storing them in a 70% 

ethanol solution prior to the measurements. 

Human pericardia were used as a control (n=9, age: 33–68 years (male), 75–93 

years (female)). The tissue, obtained from Toho University, was surplus remaining after 

AVNeo surgery and had been treated with 0.6% glutaraldehyde for 10 min. 

 

2.3.2.4 Mapping of Biosheet thickness 

Biosheet (n=29 (alternating pattern), n=33 (parallel pattern)) or human 

pericardia (n=9) samples were immersed in a saline solution for 10 min. Thickness 

mapping was performed over the entire surface by applying optical coherence 

tomography (OCT, IVS-2000, Santec, Aichi, Japan), as follows. The spatial resolution 
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of the OCT was 0.0391 mm (surface length) and 0.008 mm (depth). The sample was 

placed with its smooth surface in close contact with the stage, and laser light was 

irradiated perpendicularly onto the stage surface. An algorithm was developed to 

calculate the thickness distribution by determining the local maximum point of the 

reflection intensity closest to the depth direction from the irradiation position as the 

sample surface position. A histogram having a class of 0.008 mm was prepared from the 

obtained map, and the distribution of the area occupied by each thickness of the sheet 

was obtained. The total area was calculated by integrating the histogram for a given 

sheet thickness, and the volume was obtained by integrating the voxels. 

 

2.3.2.5 Measurement of Biosheet density 

The density of the Biosheet was calculated by dividing the sheet weight by the 

sheet volume. 

 

2.3.2.6 Calculate of success rate of Biosheet formation 

Presence or absence of the defects in the Biosheets were checked visually. The 

success rate of the Biosheets were calculated as the number of the Biosheets without 

defects per the total number of the Biosheets. 

 

2.3.2.7 Measurement of ultimate tensile strength, elastic modulus, and breaking 

strength 

The tissue strength was measured using a uniaxial tensile tester (EZ-LX, 

Shimadzu, Kyoto, Japan). Biosheets (n=20 (alternating pattern), n=36 (parallel pattern)) 

or human pericardia (n=18) were cut into a dumbbell shape (tensile region: 5 mm (W) × 
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5 mm(L)) as a sample and then set between two chucks. The initial length of the 

samples was fixed by applying a preliminary load of 0.02 N. The stress was applied in 

the circumferential or longitudinal direction relative to the break at a rate of 0.5 mm/s. 

The breaking strength was defined as the maximum load (N) at the highest point of the 

obtained load-extension curve. The unit breaking strength was defined as a value 

obtained by dividing the breaking strength by the sample width. The true stress/true 

strain was calculated using the reported method [7]. The ultimate tensile strength was 

determined from the maximum value of the stress, while Young's modulus (MPa) was 

determined from the maximum slope of the stress–strain curve.  

 

2.3.2.8 Statistical analysis 

The results were expressed as a mean ± standard deviation. Analyses of the 

variance and t test were used to check for significant differences between the groups, 

with p<0.01 being considered significant. Linear relationships were examined by 

regression analysis. 

 

2.3.3 Results 

2.3.3.1 Thickness of Biosheets 

Biosheets were obtained as thin white sheets with either alternating or parallel 

slit patterns, depending on the type of the cylindrical mold (Figure 2-3-1b). The success 

rate of the Biosheet production when using the alternating-pattern mold was 96.7%, 

while that for those produced with the parallel mold was 97.2%. Figure 2-3-1c shows 

the two kinds of Biosheets obtained by drying and storing in an alcohol solution as a 

post-treatment after tissue harvesting. All the Biosheets exhibited extremely flat 
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surfaces at the face in contact with the silicone, and a convex surface with line 

projections corresponding to the slits in the stainless-steel pipe. 

Figure 2-3-1d shows typical examples of the color mapping of the thickness 

distribution of the two kinds of Biosheets. For both Biosheets, the surface without the 

line projection portions was smooth without any defects such as pinholes. The thickness 

was almost uniform in the horizontal direction corresponding to the longitudinal 

direction in the cylindrical mold, as shown in Figure 2-3-1d, but in the vertical direction 

periodically changed to the circumferential direction. The change frequency was 1 Hz 

for the alternating slit pattern, and 2 Hz for the parallel one, and was not dependent on 

the size of the gap in the mold. The thickness of the Biosheet obtained from the mold 

with a 1-mm gap ranged from ca. 0.1–0.8 mm, being mainly distributed in the 0.2–0.5 

mm range (Figure 2-3-1e). The average wall thickness was almost the same for both 

types of Biosheet (0.32 ± 0.05 mm for the alternating slit pattern and 0.36 ± 0.10 mm 

for the parallel type). Regardless of the slit pattern, the average wall thickness was 

controlled from ca. 0.2–0.5 mm by varying the size of the gap (0.75–1.5 mm) in the 

molds, which corresponded to ca. 30% of the size of the gap (Figure 2-3-2). 

 

2.3.3.2 Density of Biosheets 

The relationship between the thickness and density of the Biosheets is 

summarized in Figure 2-3-3. The density decreased with the thickness for both slit 

patterns (Figure 2-3-3a,b), indicating that the wall of the Biosheet was on-homogeneous 

in depth and the low-density component increased with the thickness. For any given 

thickness, the Biosheets obtained from those molds with a larger gap had a lower 

density, especially those derived from the parallel-patterned molds. The distribution of 
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the thickness and density for each individual goat is shown in Figure 2-3-3c,d. For any 

one mold, the resulting tissues were almost the same in a given individual, but differed 

between individuals. Thus, I can say that the variation in Biosheet formation was 

minimal within individuals, but significant between individuals. 

 

2.3.3.3 Mechanical properties of Biosheets 

The mechanical properties of the Biosheets obtained with the alternating and 

parallel slit-pattern molds were examined by undertaking a tensile test in their 

circumferential and longitudinal directions (Figure 2-3-4). For those Biosheets obtained 

from the alternating-pattern molds, there was no significant difference in their 

mechanical properties (ultimate tensile strength, fracture strain, and Young’s modulus) 

regardless of the tensile direction and gap distance (Figure 2-3-4A). On the other hand, 

for those Biosheets produced from the parallel-pattern molds, a significantly large 

ultimate tensile strength and Young’s modulus were obtained in the longitudinal 

direction corresponding to the direction of the slits. And in any of the evaluation indices, 

there was no difference depending on the gap distance of the mold between each tensile 

direction (Figure 2-3-4B). 

The relationship between the mechanical properties and density of the Biosheets 

is shown in Figure 2-3-5 which is mixed both circumferential and longitudinal axis 

sample. The ultimate tensile strength increases with the density for all the Biosheets 

(Figure 2-3-5a). There was no correlation between the strain and the density. The 

Young’s modulus increased with density for both types of molds. The parallel pattern 

Biosheets had large error bar compared to the alternating pattern Biosheets. 

The results of comparing the unit breaking strength of the Biosheets obtained 
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from the alternating pattern mold with GA-treated human pericardium and human valve 

leaflets are shown in Figure 2-3-6. The force that could be applied to the Biosheets 

tended to increase almost linearly with the thickness, giving a slope of 10.32 N/mm2. 

The force that could be applied to the thinnest Biosheet, with a thickness of 0.267 mm, 

was 2.04 N/mm. The strength of the human pericardium also tended to increase almost 

linearly with its thickness. The slope of the correlation was about twice as steep as that 

for the Biosheets. However, the thickness distribution of the pericardium ranged from 

ca. 0.1–0.35 mm, such that the force that could be applied was widely distributed from 

0.7 N/mm. The thickness of the Biosheets and the force that they could withstand were 

higher than the minimum value of human pericardium, given that the ultimate tensile 

strength of human leaflet is about 2 MPa [8] and the thickness of the valve leaflet is 

reported as being 0.44 mm in the thickest part [9]. Therefore, the unit breaking strength 

was calculated to be 1.0 N/mm, which was much lower than that of any of the 

Biosheets. 

 

2.3.4 Discussion 

I focused on the material and physical properties of the Biosheets to clarify 

whether their properties and strength are sufficient to allow their application to AVNeo 

aortic valve reconstruction surgery. In order to investigate the influence of the 

directionality of the slits of the tissue formation and on the anisotropy mechanical 

strength in the Biosheets, I designed the two different slit types of molds. An almost 

perfect Biosheet preparation success rate was obtained regardless of the slit patterns. To 

avoid stress concentration, a sheet material should be homogenous and have a constant 

thickness. The Biosheets had one flat surface and another convex surface with multiple 
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line projections corresponding to the slits in the stainless-steel pipes of both molds. The 

slits act as entrances for the fibroblasts. The cells penetrate the slits and enter the gap 

inside the molds to produce collagen, thus forming the Biosheets. Therefore, the 

presence of the slits, although disadvantageous in some respects, is essential to the 

preparation of the Biosheets. However, the entire surface of each Biosheet, except for 

the line projections, was very smooth and exhibited no defects. 

The average thickness of the formed Biosheets increased with the mold gap. 

This tendency was very similar to that observed in our previous study using cows, 

where the wall thickness of the formed tissues was ca. 1–3 mm, which corresponded to 

approximately 80% of the gap.[10] In the present study, the thickness of the Biosheets 

after drying was about 35% of the gap, even after immersion in physiological saline. 

Therefore, the Biosheets were compressed to about 40% by drying. Therefore, I can 

conclude that the Biosheets can be thinned simply by drying. 

Both types of mold exhibited variations in their thickness in the circumferential 

direction, but not along their long axis. The change frequency was 1 Hz for the 

alternating slit pattern, and 2 Hz for the parallel one. For the alternating pattern, it was 

thought that the thickness change depended on the deviation from the absolute center of 

the central rod as by pressure received from the skin. In the parallel pattern, in addition 

to the misalignment of the center rod, deformation of the pipe due to the lower lumen 

retention than the alternating pattern was also a factor. It should be possible to resolve 

this problem by improving the design of the structure to make it less susceptible to 

subcutaneous pressure, by improving the accuracy of the centering of the mold, or by 

using rigid material.  

The difference in the slit type induced anisotropy in the physical properties. With 
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the alternating pattern, little anisotropy in the ultimate tensile strength was observed, 

and the variation of it was mainly the difference in density depending on the thickness 

and the individual difference. But with the parallel pattern, the ultimate tensile strength 

was higher in the direction of the slit lines rather than density or individual differnce. 

Given that the presence of the slits gave rise to projections on the Biosheets, it is 

possible that the physical properties could be controlled by adjusting the slit shape 

(direction and size). Since the two types of molds used in this study differ in their 

aperture ratio and opening area, it is unclear which parameter is affected. I will seek to 

clarify this point in our future work. 

Considering the usability of the Biosheets, it would be better to be able to cut as 

leaflets in any direction. The Biosheets from the alternating-pattern had low anisotropy. 

Therefore, I selected the alternating-pattened Biosheets as a candidate material for the 

substitution of the aortic leaflets. The slope of the unit breaking strength indicates that 

the physical strength of the alternating-patterned Biosheet is stronger than that of the 

leaflet, but weaker than that of clinically used human pericardium. This is probably 

because the pericardium is treated with glutaraldehyde (GA). However, since the actual 

strength depends on the thickness, the thicker Biosheet is stronger than the thinnest 

pericardium and has sufficient strength. Because the pericardium is thin, it is necessary 

to improve its physical strength through chemical treatment such as GA treatment but, 

on the other hand, the literature states that this is a result of calcification.[11] Since the 

thickness of the Biosheet can be tailored by adjusting the size of the gap, the strength 

could be enhanced by increasing the thickness without GA treatment, so Biosheet may 

have possibility to suppress the calcification. I am planning to investigate the presence 

or absence of calcification in the implantation experiments undergoing. 
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Decellularized tissues are GA-free and, as such, are a popular choice for 

implantation. SynerGraft, which is a decellularized porcine aortic valve, is a commercial 

pulmonary valve.[12] When a decellularized pericardial patch was used in a tri-leaflet 

aortic valve reconstruction in a sheep model, calcification was observed in 8 of 9 

leaflets.[13] Recently, aortic valve conduits have been fabricated by using 3D 

bioprinting, but their performance in vivo is unknown.[14] One of the most important 

features of iBTA-induced tissue is its ability to regenerate. Upon the implantation of a 

valve-conduit Biovalve in the pulmonary valve position for 19 months, the cells 

constituting the leaflet gradually migrated and ultimately formed characteristic 

three-layered tissue without calcification, in the same way as the native leaflets.[15] 

Implanted Biovalves can adapt their histological structure according to their 

environment. They offer the potential to be used as viable grafts that better maintain 

their function and biocompatibility. An iBTA-Biosheet can be expected to grow through 

regeneration in the same way as a Biotube.[3] If it could be applied as a pediatric 

valvular leaflet, it would be possible to develop a revolutionary curative technique 

requiring no subsequent reoperations. 

 

2.3.5 Conclusion 

Thin and homogeneous Biosheets were prepared through the subcutaneous 

embedding of alternating slit pattern molds by using iBTA. The resulting Biosheets had 

no tiny defects and could be produced with an extremely high success rate. All the 

resulting Biosheets exhibited adequate mechanical strength regardless of their thickness, 

especially when compared to the GA-treated human pericardium used in AVNeo, which 

exhibited an extremely wide variation in strength. Even the weakest of the fabricated 
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Biosheets was stronger than the human aortic valve leaflets. Therefore, the alternately 

patterned Biosheets have sufficient strength for use in AVNeo. I have already started 

studies of AVNeo implantation using autologous Biosheets in a goat model. I expect to 

report on the results of this study in the near future. 
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Figure 2-3-1. (a) Photo and cross-sectional illustration of the mold assembled from 

silicone tube and stainless-steel pipe with alternating line slits. (b) Photos of two types 

of pipes used for the molds, that is, with an alternating line pattern and a parallel pattern, 

and photos (c), thickness mappings (d), and thickness histolograms of Biosheets 

obtained from each mold with a gap of 1 mm. 
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Figure 2-3-2. Relationship between gap and average wall thickness for both types of  

Biosheet. 
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Figure 2-3-3. Relationship between average wall thicknesses of Biosheets with 

alternating slit pattern (a) or parallel slit pattern (b), and average density. (c) 

Relationship between average wall thickness of alternating-pattern Biosheet with gap 

distance 1 mm and average density for each goat. (d) Relationship between average wall 

thickness of parallel-pattern Biosheets with gap distance 1 mm and average density for 

each goat.  
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Figure 2-3-4. Ultimate tensile strength (a), fracture strain (b), and Young’s modulus (c) 

of alternating-pattern Biosheets (A) and parallel-pattern Biosheets (B) in two directions 

(circumferential or longitudinal direction) are shown for each gap distance of the mold.  
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Figure 2-3-5. Relationships between average density and ultimate tensile strength (a), 

fracture strain (b), or Young’s modulus (c) of alternating-pattern Biosheets (A) and 

parallel-pattern Biosheets (B).  
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Figure 2-3-6. Relationship between unit breaking strength and thickness of 

alternating-pattern Biosheets, human pericardium after GA treatment, and human aortic 

valve leaflet.  
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 In-situ mechanical adaptation of iBTA-induced tissues 
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Chapter 3.1 

 

Acute phase evaluation of Biosheets after 

implantation to beagle diaphragms 

 

3.1.1 Introduction 

Congenital diaphragmatic hernia (CDH) is the cause of severe dyspnea in 

newborns and has high mortality and occurs in about 1 in 2,000 to 3000 births [1, 2]. 

The CDH may be asymptomatic until adulthood, but depending on the site and extent of 

the defect, it may even lead to death immediately after birth [3]. Diaphragmatic hernia 

also occurs when a strong impact is applied to the abdomen during a traffic accident [4]. 

A defect can be healed in several ways. If the defect is small, the suturing 

method is effective; however, in case of a large defect (>5 cm), the hernia can relapse, 

so patch restoration is desirable [5, 6]. Artificial materials such as expanded 

polytetrafluoroethylene (ePTFE) and polypropylene are widely used as patch materials 

[7, 8]. However, because these patches are vulnerable to infection, recurrence of hernia 

and small intestinal obstruction may occur [9, 10]. In addition, ePTFE can cause chest 

wall deformation in fully obese patients with diaphragm, as growth does not accompany 

infant growth since ePTFE does not change in size at the time of implantation, chest 

wall deformation may occur with infant growth [11, 12]. 

Recently, sheet formation by tissue engineering methods such as cell sheet 
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engineering or Bio 3D printers has been realized [13]. Since these methods can form 

tissues based on certain cells, inflammatory reactions do not occur and high 

biocompatibility is realized. However, because it is difficult to artificially fabricate a 

capillary network, thick tissue formation has not been realized by these methods [14]. 

Furukoshi et al. have previously developed autologous prosthetic tissues using 

in-body tissue architecture (iBTA) [15], which is a cell-free tissue engineering 

technology that can produce autologous implantable tissues with a desired shape by 

simple subcutaneous embedding of a specially designed mold. Tissues developed with 

the iBTA technique include sheet-shaped Biosheets. In our previous study, Biosheets 

were successfully implanted as allogeneic substitutes in the corneal stroma in a rabbit 

model, and sufficient biological stability and biocompatibility were observed. In 

addition, Biosheets have been applied to a leaflet material for aortic valve 

neo-cuspidization (Ozaki method) [16]. Recently, Nakayama et al. reported that bovine 

Biosheets could be useful as off-the-shelf materials, where the Biosheets functioned as 

an abdominal wall repair material even in xeno-implantation in mid-term histological 

observation. 

In this study, the mechanical change in allogenic Biosheets after implantation 

to beagle diaphragm defects within 3 months was examined for the evaluation of the 

availability of Biosheets as a hernia repair material for the diaphragm, with repeated 

powerful dynamic loading. 

 

3.1.2 Materials and Methods 

3.1.2.1 Ethical Approval 

All animal experiments were performed according to the Guide for the Care 
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and Use of Laboratory Animals (United States National Institutes of Health, No. 85-23, 

received 1996), and the research protocols were approved by the ethics committee of 

Osaka Prefecture University (No.30-68). 

 

3.1.2.2 Preparation of Biosheets 

Biosheets were prepared according to our previous report [17]. Briefly, beagle 

dogs (body weight 7.8–9.5 kg) were administered atropine sulfate (0.025 mg/kg 

subcutaneously), butorphanol (0.2 mg/kg IV), midazolam (0.2 mg/kg IV), and cefovecin 

sodium (8 mg/kg IV). Anesthesia was induced with propofol (8 mg/kg IV) and 

maintained with 2% isoflurane. The molds were subcutaneously embedded in the 

beagles for 8 weeks. The tubular tissues were extracted from harvested molds, and then 

cut along their longitudinal direction to obtain Biosheets (Figure 3-1-1a). The Biosheets 

were stored in a 70% ethanol solution at room temperature prior to implantation. 

 

3.1.2.3 Implantation of Biosheets 

Under the same anesthesia as mentioned above the diaphragm of beagle dogs 

was approached through a midline abdominal incision in the supine position. The center 

of diaphragm including the whole tendon and muscle part was incised and a 6 cm × 4 

cm defect was created. Biosheets, rinsed with saline at least 10 min before implantation, 

were sutured to the edge of the defect using a simple continuous suture with 3-0 

polydioxanone (Figure 3-1-1b). The omentum was then covered over the Biosheets 

before the abdominal incisions were routinely closed in three layers. Biosheets were 

harvested 1 or 3 months after implantation, and then cryopreserved before mechanical 

experiments (Figure 3-1-1c). 
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3.1.2.4 Measurement of tensile strength 

Before and after Biosheet implantation, the beagle diaphragm was immersed in 

physiological saline for at least 10 min. The extra tissues attached to the implanted 

Biosheet was removed carefully. The Biosheet samples were cut in dumbbell shape 

(tensile area 5 mm × 5 mm) to be oriented in the dorsal-ventral direction Y (n = 3 in 

pre-implantation, n = 11 in post-implantation, n = 10 in beagle diaphragm) and 

orthogonal direction X (n = 3 in pre-implantation, n = 12 in post-implantation, n = 10 in 

beagle diaphragm). The thickness of the sample before tensile loading was measured by 

performing optical coherence tomography (OCT, IVS-2000, Santec, Aichi, Japan). The 

spatial resolution of the OCT was 0.0391 mm in the surface direction, and 0.008 mm 

along the depth. The tensile strength was measured by using a uniaxial tensile tester 

(EZ-LX, Shimadzu, Kyoto, Japan). The distance between the end of the chucks of the 

tester was set to 5 mm, and the sample was fixed to them. Then, in order to exclude the 

initial deflection of the sample, a load of 0.02 N was applied to determine the initial 

sample length. The load was applied at a speed of 0.5 mm/s until rapture. The breaking 

strength was defined as the maximum load value (N) at the highest point of the obtained 

load-extension curve. 

 

3.1.2.5 Calculation of mechanical characteristic value 

The unit breaking strength was defined as the value obtained by dividing the 

breaking strength by the sample width. Elasticity was calculated as the spring 

coefficient calculated as the differential value of the load-extension curve. The 

load-extension curve was also fitted by the least squares method using the bilinear 
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model used in a previous study [18, 19]. The spring coefficient (toe region) was defined 

as the smaller one of the slopes of two straight lines that were regression coefficients of 

the bilinear model. True stress/true strain was calculated by the reported method [20], 

using the thickness of the breaking position previously measured with OCT, and the 

load and displacement measured with the tensile tester. The ultimate tensile strength 

(MPa) was determined from the maximum stress value, and the maximum Young's 

modulus (MPa) was determined from the maximum slope of the stress–strain curve. 

Stress–strain curves were also fitted with a bilinear model. The Young’s modulus (toe 

region) was defined as the smaller one of the slopes of two straight lines that were 

regression coefficients of the bilinear model. 

 

3.1.2.6 Statistical analysis 

The results were expressed as mean ± standard deviation. Differences in mean 

values between groups were examined using the t test and p < 0.05 was considered 

significant. 

 

3.1.3 Results 

The stress–strain curve of the original Biosheets before implantation is shown 

in Figure 3-1-2. Stress gradually increased with strain and the shape of the curve 

became concave up. The straight lines obtained by bilinear fitting by the least squares 

method are superimposed in the figure. The strain at the intersection of the bilinear line 

is the transition strain, the strain region smaller than that is the toe region, and the larger 

strain region is the linear region. The tendencies observed in the implanted Biosheets 

and native diaphragm tissues were similar. From the stress–strain curves, five 
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representative physical indicators, namely, the ultimate tensile strength, fracture strain, 

Young's modulus at the toe region, maximum Young's modulus, and linear transitional 

strain at the toe region, were calculated. Upon comparing all the mechanical values in 

two orthogonal directions of the Biosheets before and after implantation, and native 

diaphragms, slight anisotropy was observed (Figure 3-1-3). In the native diaphragms. 

the tendon part had a large area and was responsible for the mechanical strength. 

Since the directional dependence of each tissue was not identified (Figure 

3-1-3), data corresponding to both directions were obtained together; the mechanical 

properties corresponding to the implantation period are summarized in Figure 3-1-4. 

The thickness of the Biosheets increased to about 1.5 mm (about three times that of the 

original Biosheets) within 1 month of implantation, and this thickness was maintained 

for 3 months, which was about three times as the tendon tissue. Actual strength (unit 

breaking strength) of the Biosheets increased significantly in 1 month and became 

almost the same as the diaphragm tendon part. The actual elasticity of the toe area 

(spring coefficient) was not changed by implantation, which was equivalent to the 

elasticity of the diaphragm tendon. On the other hand, the maximum actual elasticity 

(maximum spring coefficient) showed a 2.5-times increase in 1 month after 

implantation, to the same value as Tendon part. 

Further, the significant low material-specific strength (ultimate tensile strength) 

of Biosheets, which was about 1/5 of that of the native diaphragms, hardly change as a 

result of implantation. Moreover, little change is observed in the low fracture strain of 

Biosheets because of implantation.  

The maximum Young's modulus also tends to approach the native diaphragm 

value after implantation, but no significant change was observed, which was about half 
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of that of the native diaphragm. On the other hand, both the Young's modulus in the toe 

region and the transition strain, changed significantly. The Young's modulus of the toe 

region of the pre-implant Biosheet and that of the native diaphragm showed no 

significant difference, but after implantation, the difference between Biosheet and native 

value is increased, and a significant decrease was observed 3 months after the 

implantation: it was about 1/4 of the native diaphragm value. The transition strain of the 

Biosheet before the implantation was significantly smaller than that of the native 

diaphragm, but it increased significantly at 1 month after implantation and remained the 

same at 3 months after the implantation, it corresponded to the native diaphragm value. 

 

3.1.4 Discussion 

In this study, I focused on the strength and elasticity to investigate whether the 

Biosheet has adequate mechanical properties as a graft material to the diaphragm. The 

pre-implantation Biosheet showed a unit breaking strength of about 40% with respect to 

the tendon tissue, and the actual strength was lower than that of the native tissue. 

However, the Biosheet did not rupture after implantation, one month passed and it had 

changed to strength corresponding to the beagle’s tendon of diaphragm. Even at 3 

months after the implantation, the unit breaking strength was equivalent to that after 1 

month, and it seemed to approach the native tissue strength value. The unit breaking 

strength representing the actual strength is expressed by the following equation: Fu = σb 

× t. Here, σb is the ultimate tensile strength representing material characteristics, and t is 

the tissue thickness. The ultimate tensile strength of the Biosheet did not change even 

after implantation. On the other hand, the thickness of the Biosheet implantation section 

dynamically changed to 2.6 times as thick as 1 month after implantation. The thickness 
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was maintained even 3 months after implantation. Further, a new tissue was formed on 

the surface of the Biosheet tissue. Since the ultimate tensile strength of the after 

implantation Biosheet is equivalent to that before implantation, it is considered that 

tissue with material properties similar to those of the Biosheet was formed on its surface. 

Thus, there may be a mechanism for feedback regulation in order to maintain tissue 

strength at restoration (Figure 3-1-5). Actual diaphragm tension may be inferred from 

consecutive cells and there may be a mechanism by which the actual intensity is 

adjusted to be sufficient. In a short period of at least about a month, the Biosheet seems 

to promote the migration of cells involved in repair by functioning as a scaffold to form 

tissue. In order to improve the actual strength, it is imperative that it may be more 

efficient to thicken the tissue itself rather than to rebuild a dense tissue while 

decomposing the Biosheet. 

The strength of the human diaphragm has been reported [4]. Based on this 

report, the unit breaking strength was calculated to be 3.67 ± 2.43 (N/mm). This value is 

larger than that of the Biosheet before implantation (2.3 ± 1.1 (N/mm)), so it the 

implanted Biosheet may rupture before the Biosheet becomes thicker after implantation. 

However, since the Biosheet can form a thick sheet of about 3 mm by adjusting the gap 

distance between the center bar and outer cage of the mold [16], it was thought that the 

Biosheet’s thickness could be increased to the actual strength corresponding to the 

human diaphragm.  

Despite the thickness change in the Biosheet after implantation, the spring 

coefficient of the toe region was maintained at a value equivalent to that of the native 

diaphragm. This was realized by decreasing Young's modulus of the toe region. 

Furthermore, the transition strain of the Biosheet after implantation also changed to the 
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value equivalent to that of the native tissue. Furthermore, the maximum spring constant 

has changed to the value equivalent to that of native tissue, which seems to have been 

realized by increasing the sheet thickness. This means that the elasticity is equivalent to 

that of the native tissue over the entire extension area. This may be a major advantage of 

Biosheets over other artificial materials such as conventional ePTFE sheets. The 

abdominal hernia recurrence rate is reported to be attributed to the characteristic 

difference in the elastic modulus [21]. A lightweight mesh has been used in order to 

suppress the fiberizing reaction, but it seems to be effective in reducing the recurrence 

rate [22]. The elasticity is evaluated with a load for a certain elongation value [23]. 

However, the curve of the polymer used for these artificial materials is not a J-curve but 

a convex one [24], and the elasticity corresponding to the low strain range is greatly 

different from that of the biological tissue showing the J-curve. Therefore, the reaction 

force characteristics against elongation actually differ in practice. Since the overall 

reaction force characteristics of the Biosheet after implantation are approximated almost 

from the low strain region to the high region, there is a possibility of reducing the 

recurrence rate, which is a future research topic. 

 I expected material parameters such as the ultimate tensile strength and Young's 

modulus of Biosheets after implantation will to be adapted to values equivalent to native 

tissue, but it was not realized in 3 months. However, since actual strength and actual 

elasticity are realized by changing the thickness, the mechanical function is considered 

to be sufficient for the living body. Another future subject is to monitor long-term 

change in the material parameters. 

 

 



75 
 

3.1.5 Conclusion 

I evaluated the availability of Biosheet implantation to the diaphragm of beagle 

dogs. The implanted Biosheet properties changed to match those of the Beagle 

diaphragm one month after implantation: the actual strength and the real elasticity were 

therefore considered to have changed to values corresponding to the beagle diaphragm, 

by changing the Biosheet thickness. The adaptation of live living actual elasticity may 

reduce the hernia recurrence rate and will be investigated further in the future. 
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Figure 3-1-1. (a) Pre-implant Biosheet formed with mold. (b) Sewing of Biosheet to 

defect in beagle diaphragm. (c) Biosheet harvested three months after implantation. The 

Y direction indicates the ventral-dorsal direction, and the X direction indicates the 

direction orthogonal to the Y direction. 
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Figure 3-1-2. Stress–strain curve obtained by performing the uniaxial tensile test of 

Biosheets. Bilinear fitting lines are also drawn. (a) Transition strain, which is the strain 

value at the position where the fitting line intersects. The strain region lower than the 

“transition strain” is the “toe region” and the higher strain region is the “linear region”. 

(b) Young's modulus (toe region), which is the slope of the toe region approximated by 

bilinear fitting. (c) Maximum Young's modulus, which is the maximum slope value in 

the stress–strain curve. (d) Ultimate tensile strength, which is the maximum stress value 

in the stress–strain curve. (e) Fracture strain, which is the strain value at break in the 

stress–strain curve. 
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Figure 3-1-3.  Anisotropy of the mechanical property values for each tissue. 
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Figure 3-1-4.   

Mechanical properties corresponding 

to both X and Y direction data. 
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Figure 3-1-5.  Control block model diagram of diaphragm tension adjustment 

mechanism. 
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Chapter 3.2 

 

Chronic phase evaluation of Biosheet after 

implantation to beagle abdominal wall 

 

3.2.1 Introduction 

Synthetic implants, such as a Polypropylene mesh [1] or an expanded 

polytetrafluoroethylene sheet [2], have been widely used for the treatment of large 

abdominal wall hernias during reconstruction and reinforcement. They have sufficient 

tensile strength to support the abdominal viscera, but have been reported to cause 

fibrotic inclusion, infection, erosion, and mesh extrusion. However, tissue-based 

biomaterials have been used owing to their biocompatibility. As the biomaterials, 

human dermis (Alloderm®) [4], porcine dermis (Permacol™, Strattice®), and porcine 

small-intestinal submucosa (Surgisis™) [5] are also commercially available. However, 

the problem of low repair strength is reported as compared with the case of using 

self-organization. As the healing and reabsorption of the biological skeleton occurs, loss 

of tissue support over time may result in relaxation or bulging of the abdominal wall 

and hernia recurrence. Moreover, for pediatric surgery, there is an urgent need to 

develop large patches that can grow with the individual [6], and for patches made 

without foreign material. 

Nakayama et al. have developed autologous prosthetic tissues using in-body tissue 
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architecture (iBTA) [7]. iBTA is a cell-free tissue engineering technology that can 

produce implantable tissues with the desired shape and appropriate mechanical 

properties via simple subcutaneous embedding of a specially designed mold. The tissues 

developed using the iBTA technique include sheet-like tissues called Biosheets. In our 

previous study, Biosheets were successfully implanted as allogeneic substitutes in the 

corneal stroma in a rabbit model with biological stability and biocompatibility. Biosheet 

is the first corneal material based on the novel concept of conversion to transparency in 

situ [8]. Biosheets have been applied to an aortic valve leaflet material for aortic valve 

neo-cuspidization (Ozaki method) [9]. Biosheet also functioned with tissue regeneration 

as an aortic valve for 3 months [10]. Therefore, it was shown that Biosheet had both 

mechanical strength and regenerative ability. Recently, Nakayama et al. reported that 

bovine Biosheets could be useful as off-the-shelf materials, where the Biosheets 

functioned as an abdominal wall repair material even in xeno-implantation in mid-term 

histological observation [11]. However, there are no reports in long-term implantation 

studies using Biosheets, particularly with respect to mechanical changes. 

In this pilot study, I aimed to investigate whether Biosheets possess tissue 

regeneration ability as a restorative material while maintaining mechanical function for 

a long time. Therefore, a large area of abdominal wall defect, clinically requiring 

prosthetic treatment, was prepared in a beagle dog model and patch implantation with 

Biosheets was performed. 

 

3.2.2 Materials and Methods 

3.2.2.1 Ethical Approval 

All animal experiments were performed in accordance with the Guide for the Care 
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and Use of Laboratory Animals, published by the United States National Institutes of 

Health (NIH Publication No. 85-23, received 1996). The animal experiments were 

approved. 

 

3.2.2.2 Preparation of Biosheets 

The cylindrical rods (n = 4, diameter 20 mm, length 5 cm, Tigers Polymer, Osaka, 

Japan) used as the mold for Biosheet preparation. Pre-anesthetic medication included 5 

mg/kg ketamine, 0.02 mg/kg IV buprenorphine, and 0.025 mg/kg IM atropine sulfate, 

and anesthesia was induced by 15 mg/kg IV pentobarbital and maintained by bolus 

induction of a pentobarbital IV at a quarter or half of the initial dose. The mold was 

embedded into subcutaneous pouches of female beagle dogs (weight ca. 10 kg). The 

dogs were raised in the cage at the animal management department of National Cerebral 

and Cardiovascular Center maintained at a temperature of 20-28°C, humidity of 40-60%, 

and light period from 7 am to 19 pm. After 2 months of regular rearing, the molds were 

harvested with the surrounding connective tissues. The tubular tissues formed around 

the molds were extracted. Biosheets (size 5 cm × 5 cm, thickness ca. 0.5 mm) were 

obtained by longitudinally cutting the tubular tissues. The Biosheets were stored in 70% 

ethanol prior to implantation.  

 

3.2.2.3 Implantation of Biosheets 

The abdomen, from the xiphoid process to the groin, was surgically prepped. A 10 

cm midline abdominal incision was made from approximately 2 cm below the xiphoid 

process to the pubic symphysis. Bilateral skin flaps were raised using blunt dissection of 

the subcutaneous layer. Two standardized 5 cm × 5 cm incisional defects were made at 
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the midline, identified by the linea alba, by excising a full thickness portion of the 

abdominal wall, including the peritoneum, abdominal wall muscle, and fascia. After 

soaking in a saline solution for a minimum of 10 min prior to use, Biosheets were held 

in position with simple interrupted sutures in the corner, followed by a running suture 

(3-0 PROLENE, Ethicon) surrounding the perimeter of the implant, attaching the 

dermis as an overlay to the abdominal wall musculature. Subcutaneous tissues were 

closed using multi-layer suturing with polydioxanone sutures (3-0 PDS, Ethicon) and 

the skin was then closed using simple nylon sutures (3-0 nylon, ELP). The dogs were 

raised in the cage at the animal management room of National Cerebral and 

Cardiovascular Center maintained at a temperature of 20-28°C, humidity of 40-60%, 

and light period from 7 am to 19 pm. At one year post-implementation, dogs were 

humanely euthanized with a barbiturate (75 mg/kg IV). Following euthanasia, lateral 

skin incisions were made to expose the surgical site without disruption. Evidence of 

bowel adhesion, hernia formation, or abdominal bulging was macroscopically observed. 

No control was used in this study. 

 

3.2.2.4 Histological Examination 

Samples were fixed with 10% neutral buffered formalin, embedded in paraffin, 

and sectioned into 3–5 μm sections. The specimens were stained with Masson’s 

trichrome stain for collagen (blue) and muscle (red). 

 

3.2.2.5 Measurement of Mechanical Properties 

Biosheets pre- (n = 5) and post-implantation (n = 4) and native abdominal walls (n 

= 2) were immersed in a saline solution and cut into a dumbbell shape (tensile area: 5 



88 
 

mm × 5 mm) as samples. Biosheet thickness was measured using optical coherence 

tomography (OCT, IVS-2000, Santec, Aichi, Japan) [3]. Tissue strength was measured 

using a uniaxial tensile tester (EZ-LX, Shimadzu, Kyoto, Japan) in air immediately after 

picking up from saline. The dumbbell-shaped sample was placed between two chucks. 

The initial length of the samples was set using a preliminary load of 0.02 N. The stress 

was loaded to braking at a rate of 0.5 mm/sec. The breaking strength was defined as the 

maximum load value (N) at the highest point of the obtained load-extension curve. The 

unit breaking strength was defined as the value obtained by dividing the breaking 

strength by the sample width. The spring coefficient of the 0-40% region was defined as 

the slope calculated by the linear least squares for the 0 to 40% strain range data of the 

load-extension curve. The maximum spring coefficient was defined as the maximum 

slope of the curve. True stress / true strain were calculated as previously reported [12]. 

The ultimate tensile strength was determined based on the maximum value of stress and 

the maximum Young's modulus (MPa) was determined from the maximum slope of the 

stress-strain curve. The Young’s modulus of the 0-40% strain region was calculated as 

the slope using the linear least squares method of the strain-strain curve of the 0-40% 

region. 

 

3.2.2.6 Statistical analysis 

The results were expressed as mean ± standard deviation. Analysis of variance 

and t test were used to determine significant differences between the groups and p < 

0.05 was considered significant. 
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3.2.3 Results 

Two beagles underwent patch implantation of Biosheets in surgical defects in 

their abdominal wall. The abdominal skin was dissected (Figure 3-2-1a), and defects of 

all layers of 5 cm square were prepared on the abdominal wall (Figure 3-2-1b). Suturing 

of the Biosheet and the abdominal wall was easy (Figure 3-2-1c) and damage, such as 

cutting, did not occur on the Biosheets. All patch procedures were completed without 

any complications such as anastomotic leak (Figure 3-2-1d). All animals resumed 

normal appetite, urination, and defecation patterns within 24 hours post-operation. No 

abnormal abdominal wall defects or hernia formation, abdominal bulging, or infection 

occurred during the observation period (Figure 3-2-1e).  

One year post-implantation, the white abdominal membrane was completely 

covered on the implanted Biosheet area under abdominal skin (Figure 3-2-1f). Adhesion 

of bowel tissue on the peritoneal cavity side was minor (Figure 3-2-1g) and could be 

easily detached where formation of a wrinkle-like peritoneum was macroscopically 

observed (Figure 3-2-1h). Little seromas or shrinkage of the materials was noticed. In 

the histological examination, the linea alba layer was formed (Figure 3-2-2a). The rectus 

abdominis muscle was observed in the newly formed collagen layer made of collagen 

type I (Figure 3-2-2b) and the peritoneum was formed entirely on the peritoneal cavity 

surface (Figure 3-2-2c), resulting in the partial regeneration of the three-layered 

abdominal wall. 

The thickness of the Biosheet-implanted portion was approximately 2.5 mm, 

which was approximately 5-fold greater than that of the Biosheet pre-implantation and 

approximately 70% that of the native abdominal wall (Figure 3-2-3a). The unit breaking 

strength and the spring coefficient of the Biosheet-implanted portion increased 
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significantly with thickness and both were much higher than that of the native tissue 

(Figure 3-2-3b, c). However, the spring coefficient in the low strain region of up to 40% 

was significantly reduced to approximately 10% post-implantation, similar to the native 

tissue value (Figure 3-2-3d). 

Ultimate tensile strength was significantly higher than pre-implantation and was 

approximately 6-fold higher than the native tissue value (Figure 3-2-3e). The fracture 

strain was also significantly greater than pre-implantation, similar to the native tissue 

(Figure 3-2-3f). Although the maximum Young's modulus pre- and post-implantation 

was approximately 6-fold higher than that of the native tissue (Figure 3-2-3g), in the 

low strain region of up to 40% the Young's modulus was significantly reduced to 

approximately 16% post-implantation, close to the native tissue value (Figure 3-2-3h). 

 

3.2.4 Discussion 

Our study showed that the allogenic Biosheet can be used for repairing relatively 

large abdominal wall defects with no herniation and appears to regenerate muscular 

tissue one year post-implantation. Moreover, no abnormal events, such as chronic 

inflammation, were observed. Therefore, the long-term reliability of the allogenic 

Biosheet was demonstrated for the first time. One year post-implantation, the original 

tissue of the Biosheet disappeared and its tissue was almost completely replaced by the 

host's own tissue, consisting of the linea alba and the peritoneum, and the rectus 

abdominal muscle between them. The three-layered abdominal wall structure was 

recognized with little distortion in both the Biosheet implantation cases. Therefore, at 

least partial abdominal wall reconstruction was induced by the allogenic Biosheet 

patching. In our recent report, iBTA-induced tubular tissues, named Biotubes, could be 
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expanded and elongated with an increase in the recipient body weight from ca. 3 kg to 

ca. 10 kg in 1 year, which is the first evidence about the growth ability of the iBTA 

tissues [7]. However, almost all prosthetic patches can be associated with infection, 

allergic reaction, recurrence, and thoracic deformity owing to their increasingly 

disproportionate size as the children grow [13]. It is considered that Biosheet, which is 

one of the iBTA tissues, also has growth ability. Therefore, Biosheet may be useful for 

hernia treatment in growing children. However, owing to limited number of animals 

used, this study is only suggestive, but provides valuable insights to the field of 

regenerative medicine. In order to test the reliability of the results obtained in this study, 

additional implant studies with detailed histological examinations are required in 

addition to further long-term implant studies. 

Tissue engineering is an emerging strategy for repairing damaged tissues or 

organs. It has been suggested that the combination of biomaterial scaffolds with stem 

cells can accelerate tissue regeneration and result in tissue repair with natural structural 

and functional properties [14-16]. Decellularized ECM scaffolds have the potential of 

regenerating the structure and function of their native tissue over commercially 

available matrices from other tissues [17,18]. Those decellularized ECM scaffolds have 

been used in combination with stem cells to construct composite tissues that have been 

utilized successfully in tissue repair, including diaphragmatic repair. In contrast, Bio-3D 

printing has been developed to create these tissues [19,20]. Cells on 3D culture can 

better reflect in vivo physiological conditions than cells cultured in two dimensions. 

This method, which uses a temporary immobilization support structure to produce 

tissues that only consist cells without a foreign material, positions various cells in an 

arbitrary 3D space. Upon transplantation of cellular patches into rats with surgically 
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created diaphragmatic defects, histology analysis results revealed regeneration of 

muscle structure, neovascularization, and neuronal networks within the reconstructed 

diaphragms [21]. 

In clinical practice, the formation of autologous Biosheets in a patient's body is 

unsuitable for emergency surgery. In addition, the procedure for subcutaneous 

embedding and extracting the mold is invasive. Therefore, I think that it is necessary to 

investigate the possibility of using animal-derived sheets as an abdominal wall 

restorative material. Recently, a Biosheet subcutaneously prepared in a cow was applied 

to repair the abdominal wall defect of a dog [11]. Decomposition was nearly complete 

after 3 months and the Biosheet was replaced by autologous collagenous connective 

tissue without rejection. After 5 months, the abdominal wall muscle elongated from the 

periphery of the newly formed collagen layer and the peritoneum was formed on the 

peritoneal cavity surface. Therefore, bovine Biosheets can be useful as off-the-shelf 

materials for abdominal wall repair. 

Polypropylene, polyester, polyglactin, and ePTFE mesh have been used as hernia 

repair materials; the strength required for the mesh is estimated to be 3.2 N/mm [22]. 

Therefore, a Biosheet with 4.4 N/mm breaking strength should have sufficient strength. 

One year post Biosheet implantation, the implanted area became thick, resulting in 

significant high actual strength and maximum elasticity. However, the spring coefficient 

of the implanted area in the low strain region of the practical range was close to the 

native value. In addition, although there was little difference in the maximum Young’s 

modulus pre- and post-implantation, the Young's modulus in the low strain region of the 

practical range was close to the native value. Taken together, these results indicate that 

Biosheet implantation led to adaptation in the practical range of the mechanical 
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properties. 

Collagen, the main Biosheet component, has a stress-strain curve known as the 

J-curve and has a toe linear and failure region [23]. The toe region occurs where 

collagen fibers gradually transition from a relaxed state to a tensioned state. Expansion 

of this toe region was observed post-implantation, which is thought to correspond to an 

increase in the amount of collagen relaxation. Unlike the properties of artificial 

materials, such as ePTFE [24], the Biosheet has J-curve characteristics, providing the 

advantage that it can conform to the native characteristics throughout the practical strain 

region. 

 

3.2.5 Conclusion 

To our knowledge, this pilot study was the first to report on long-term 

implantation of Biosheets (for a year) and demonstrated that Biosheets could repair 

large abdominal wall defects without any complications in two beagle dogs. The partial 

regeneration of abdominal wall was observed in both cases. The results indicated that 

Biosheets serve as a reliable abdominal wall restorative material. This study provides 

valuable insights to the field of regenerative medicine. However, to test the reliability of 

the results obtained in this study, another implantation study with detailed histological 

examination is currently being conducted in addition to further long-term implantation 

studies. 
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Figure 3-2-1. Photos of the dissected abdominal skin of a beagle dog (a) and the defect 

of all layer of its peritoneal (b). Suturing of the Biosheet and the peritoneal (c,d). The 

abdominal wound closed with nylon sutures (e). The peritoneal at one year 

post-implantation (f). The peritoneal cavity surface with bowel tissue adhesion (g) and 

after its detachment (h). 
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Figure 3-2-2. Histological cross-sectional micrographs of the beagle abdominal wall at 

the abdominal skin side (a), the mid portion (b), and the peritoneal cavity side (c) after 

one-year implantation of the Biosheets stained with Masson’s trichrome stain. 
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Figure 3-2-3. Physical properties of Biosheets before and after implantation. The 

significance levels by statistical analysis are * p < 0.05 and ** p < 0.01.  



101 
 

 

Chapter 4 

 

Conclusion 

 

This thesis comprises studies on the mechanical analyses of in-body tissue 

formation and in-situ adaptation processes in regenerative medicine based on in-body 

tissue architecture, which had been carried out from 2016 to 2019 at the Department of 

Artificial Organs, or the Department of Regenerative Medicine and Tissue Engineering 

of National Cardiovascular Center Research Institute. 

 

Chapter 2-1. 

Collagenous tubular tissues Biotubes, formed by in-body tissue engineering, 

were implanted already as clinical vascular grafts in hemodialysis surgery. In almost all 

previous studies, Biotubes were stored in 70% alcohol before implantation, but the 

influence of alcohol concentration on the mechanical properties of Biotubes had not 

been investigated in depth. 

The mechanical properties of Biotubes, stored at room temperature in two 

different concentrations of ethanol (10% or 70%), were compared through fatigue and 

tensile tests. Biotubes with an internal diameter of 6 mm and wall thickness of ca. 2 mm 

were prepared by subcutaneous embedding of molds into goats for 2 months, and stored 

in 10% or 70% ethanol for 20 days. In the fatigue test by repeatable loading of tension 

corresponding to arterial pressure, Biotubes stored in 10% ethanol elongated by 
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approximately 80% in length, but in 70% solution, the elongation was less than 20%. 

sStoring Biotubes in high concentration ethanol prevented stretching under maintenance 

of compliance. 

 

Chapter 2-2. 

Biotubes with large diameter were prepared with controlling of their wall 

thickness. Four types of molds with different gap distances for tissue formation were 

prepared and surgically embedded in the abdominal subcutaneous pouches of Holstein 

cows. The wall thickness of the Biotubes obtained was approximately 1–3 mm, which 

corresponded to approximately 80% of each gap distance. Their breaking strength 

almost linearly increased with the wall thickness of the Biotubes. The strength of the 

Biotubes having wall thickness of about 1.5 mm or more was higher than those of 

beagle blood vessels. The thickest Biotubes were as strong as bovine pericardium and 

may be used as an alternative trachea graft. 

 

Chapter 2-3. 

Cylindrical molds with line slits arranged in an alternating or parallel pattern 

were subcutaneously embedded in goats for several months. The tubular tissues formed 

in the molds were dried and then cut in the longitudinal direction, thus forming the 

sheet-like Biosheets. Thickness mapping of the Biosheets showed that their entire 

surface, except for the line-projection portions, was smooth without any defects. The 

average wall thickness could be controlled over a range of ca. 0.2–0.5 mm by changing 

the size of the gap (0.75–1.5 mm) in the molds. The alternating slit-patterned Biosheets 

were found to be almost isotropic in their mechanical properties (ultimate tensile 
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strength, fracture strain, and Young’s modulus). Although the composition of the 

Biosheet wall was heterogeneous in terms of its density (which varied with the 

thickness), the breaking strength of all the alternating-patterned Biosheets increased 

almost linearly with the thickness within the range of the thickness of 

glutaraldehyde-treated human pericardium, and was larger than that of human aortic 

valve leaflets. Therefore, the alternating-patterned Biosheets can be used as an 

alternative aortic leaflet material in AVNeo.  

 

Chapter 3-1. 

The in-situ mechanical adaptation of tissue-engineered collagenous sheets 

(Biosheets) was evaluated in the repair process of diaphragmatic defects. 

After rinsing with physiological saline, Biosheets were implanted to elliptical 

defects of beagle diaphragm. Mechanical properties before and after 1 or 3 months of 

implantation were measured via a uniaxial tensile test. 

There were no complications in any observation period. Slight anisotropy of 

mechanical properties was observed in the Biosheets before and after implantation. At 1 

month of implantation, the actual strength and elasticity of the Biosheet-implanted parts 

became equivalent to those of the beagle tissues when the wall thickness of the implants 

were about three times that of beagle diaphragm tissues, with little change in the 

Biosheet material properties (tensile strength, fracture strain, and Young’s modulus) 

after implantation. Dimensional, mechanical, and material properties of the 

Biosheet-implanted parts remained unchanged at 3 months of implantation. By 

increasing Biosheet thickness without changing material properties within 1 month, the 

Biosheets acquired the bulk strength similar to that of the native diaphragm tissues, thus 
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preventing collapse. Biosheets even with thin thickness may be useful as a 

diaphragmatic repair material. 

 

Chapter 3-2. 

Biosheets were implanted to replace same-size defects in the abdominal wall of 

two beagles in an allogenic manner. The Biosheets were not stressed during suturing 

and did not split; moreover, patch implantation into the defective wound was easy. No 

complications such as anastomotic leaks or infections occurred during implantation. 

One year post-implantation, the thickness of the Biosheet implantation section increased 

to approximately 2.5 mm, corresponding to approximately 70% of the native abdominal 

wall. A section of the abdominal wall muscle elongated from the periphery of the newly 

formed collagen layer, and the peritoneum was entirely formed on the peritoneal cavity 

surface, resulting in partial regeneration of the three-layered abdominal wall. The 

mechanical strength of the newly formed wall was approximately 5-fold higher than the 

native wall. The elasticity of the Biosheet in the low strain region decreased to 

approximately 10% post-implantation, similar to the native wall. 

Biosheet maintained the abdominal wall without any complications for one 

year post-implantation, and partial regeneration was observed. Although this experiment 

was limited to two cases, the results indicated that Biosheet may serve as a reliable 

abdominal wall restorative material. 
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Chapter 4. 

The iBTA tissues were able to control their thickness and mechanical 

properties at their in-body formation process and were shown to be adapted in-situ to 

the mechanical properties corresponding to the implantation sites. 
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