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ABSTRACT

Cardiovascular tissue engineering offers a promising solution to repair the
injured and damaged cardiac patches and blood vessels. Chapter 1 described
cardiovascular diseases and the current treatments as the backgrounds of this study.
Advances in cardiovascular tissue engineering are also discussed including the
scaffold based-tissue engineering and the cell sheet engineering. The aim of this study
is to develop hybrid graft by combining porous poly-(lactide-co-caprolactone) (PLCL)

scaffold and cell sheet.

In Chapter 2, the novel hybrid patch was developed by layering Human
Mesenchymal Stem Cells (HMSC) sheet on the porous PLCL sheet. Porous PLCL
scaffold was fabricated by phase separation and freeze-drying method. The HMSC
sheet, prepared by the temperature-responsive dish, was then layered on the top of the
PLCL sheet and cultured for 2 weeks. During the in vitro study, cellular properties
such as cell infiltration, spreading and proliferation were evaluated. Tensile test of the
layered construct was performed periodically to characterize the tensile mechanical
behavior. It was found that HMSC from the cell sheet were able to migrate into the
PLCL sheet and actively proliferated into the porous structure then formed a new layer
of HMSC on the opposite surface of the PLCL sheet. Mechanical evaluation revealed
that the PLCL sheet with HMSC sheet showed enhancement of tensile strength and
strain energy density at the first week of culture which is characterized as the effect of
HMSC proliferation and its infiltration into the porous structure of the PLCL sheet.
New technique was presented to develop tissue engineered patch by combining HMSC
sheet and porous PLCL sheet, and it is expected that the layered patch may prolong

biomechanical stability when implanted in vivo.
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In Chapter 3, the vascular construct by layering cell sheet onto PLCL
cylindrical scaffold was developed. The cell sheet prepared by co-culturing HMSC
and Human Pulmonary Artery Endothelial Cells (HPAEC) were able to infiltrate
through porous structure of the tubular PLCL scaffold and further proliferated on
luminal wall within a week of culture. Moreover, the co-culture cell sheet within the
tubular scaffold has demonstrated a faster proliferation rate than the monoculture cell
sheet composed of HMSCs only. It was also found that the co-culture cell sheet
expressed a strong angiogenic marker as compared with the monoculture cell sheet
within 2 weeks of culture, indicating that the co-culture system could induce
differentiation into endothelial cell lineage. The preformed-endothelial layer on the
luminal surface of the tubular scaffold could prevent thrombus formation (blood clot)

when implanted into the patients.

In Chapter 4, several approaches to improve the mechanical properties of the
PLCL scaffold were presented. The first approach is by developing multiple layers of
PLCL scaffold. It was found that developing the PLCL scaffold into double and triple
layers improved the mechanical properties, approximately 400% and 600%,
respectively, from the single layer scaffold. In the second approach, polymer blends
PCL/PLCL scaffolds were developed. The elastic modulus increased as PLCL content
increased. However, the tensile strength of the blends scaffolds at all ratio were tend
to be lower than those of neat PCL and PLCL scaffolds due to phase separation. By
increasing the temperature of the blends solution, the tensile strength of the blends
scaffolds can be increased. In the third approach, melt spinning method successfully
developed the microfibrous PLCL scaffold by utilizing cotton candy machine. This
method significantly improved the mechanical strength, approximately 150% from the

microporous scaffold fabricated by phase separation method. The initial cell study
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using hMSCs also suggested that the microfibrous scaffold provided more favorable
environment for cells growth than the microporous scaffold, evidenced from better
cell morphology and higher proliferation. The simplicity of melt spinning method

provides an opportunity for scale-up in a simple and cost-effective way.



TABLE OF CONTENT

DEVELOPMENT AND CHARACTERIZATION OF HYBRID CONSTRUCTS OF

POROUS PLCL SCAFFOLD AND CELL SHEET FOR CARDIOVASCULAR

TISSUE ENGINEERING ......coiiiiiiiiiiiieeieseeee ettt i
ACKNOWLEDGMENTS ...ttt sttt st i
ABSTRACT ...ttt ettt sttt et e bt et setesae e e il
TABLE OF CONTENT .....otiiieieetee ettt sne e vi
LIST OF TABLES ...ttt e e s X
LIST OF FIGURES ...ttt 11
Chapter 1 : INtroduction...............cccooiiiiiiiiiiiiiiie e 16
1.1 Cardiovascular Heart DiSEase..........cccereeriiriirieniiiieniesieeieeeeseeee e 16
1.2 Cardiovascular Tissue ENgINEering .........cccccecveevciieeiieeenieeeiieeeiieesieeeevee e 18
1.3 Approach in Cardiovascular Tissue Engineering ..........cccceceeeveveencrveneennennne. 19

1.3.1  Scaffold Tissue ENgINEETING ......ccccevuereiruiriiniiiieniineeieeeenieeeeneene 19

1.3.2  Cell Sheet ENgINEETINg........cccueevuieriiaiiieiieiie et 23
1.4 Problem Statements .........c.cccooiiiiiiiiiiiiiieee e 26
1.5 GOal Of StUAY ...oeieiiieiie e e e 28

Chapter 2 : Development of Layered Hybrid Construct of PLCL Scaffold and

HIMISC SREELS ...t e ettt eee e e s e e ettt a e aeseseeesaaanas 29
0 N @ A< a7 (=3 2 29
AVRER\Y F: 115 6 T:1 K32 0 Ve LY (511 070 16 L 29

vi



2.2.1  Fabrication of PLCL Scaffold ..........uueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 29

2.2.2  Fabrication of Hybrid Construct..........cccecverieeviienieenienieeieeeneeneen 30
2.2.3  SEM IMAZING ...ooviiniiiieiieieceeee ettt 31
2.2.4  Cell Proliferation ANalysis ......ccccecvueeeriieeiiieeiieeeiie e eeveeesvee e 31
2.2.5 Hematoxylin and Myosin (H&E) Staining...........cccceeevveeviiveenveeenee. 32
2.2.6 Mechanical Characterization ..........cccceeeevververeenieeiienienenieseeneeaen 32
2.2.7  Statistical ANALYSIS ....eeeevierieiiieiieeieeie e 33
2.3 RESUILS et 34
2.3.1  Morphology and Microstructure of PLCL and MSC Sheet ............. 34
2.3.2  Cell Spreading and Infiltration ...........ccceeerveniiiiniicnienencneceee, 37
2.3.3  Cell Proliferation ............ceceveerieiienieniieieceseeeeeseee e 40
2.3.4  Tensile Mechanical Evaluation ............ccocceeviiiiiiniiiniinicieencee, 41
2.4 DISCUSSION....utiitiiiiieite ettt ettt ettt e b e et e st st e bt e eabeesbeesateesaaeeas 44
2.5 CONCIUSIONS ..einiiiiiieiieeiiestie ettt ettt e ettt e et e e tte et e e stesabeesseeenbeesseesnseenneaens 49

Chapter 3 : Development of Cylindrical Hybrid Construct of PLCL Tubular

Scaffold and HMSC/HPAEC Co-Culture Sheet ..................cooceeiiininiiiniieeene 50
3.1 OVETVIEW ..ttt ettt ettt ettt be et st sb et be e b e nesaeens 50
3.2 Materials and Methods ............cooiiiiiiiiiiiie e 51
3.2.1  Fabrication of Cylindrical Scaffold.........c.cccccvveeviieniiiinieeeeee. 51
3.2.2  Preparation of Cell Sheet.......ccccoocvvieriiiieiiieeiieeeeeeeee e 52
3.2.3  Fabrication Hybrid Structure...........cccceeeiieriieniiiiienieeiieeieeeeeene 53

vil



3.2.4  Observation of Cell Growth Behavior..........oeeeeeeveeeeeeeeeeeieieeeeeeeeeeene 53

3.2.5  Cell Proliferation AnNalysis ........cccccueeviieriieniienieeiienieeiee e eveeeinens 54
326 RT-PCR ..ottt 54
3.2.7  Mechanical Characterization...........cccceeeveveeerieeesieeeieeeeeeeee e 55
3.2.8  Statistical ANALYSIS ..cccueieecviieeiiieciieeciee et 57
3.3 RESUILS 1o e 57
3.3.1  Porous microstructure of cylindrical scaffold .............ccceevvrreirennnnn 57
3.3.2  Morphology of Cell Spreading and Penetration...............cceevvennnnn. 58
3.3.3  Cell Proliferation ..........ccccveeeeiieeciieeciee ettt 62
3.3.4  GENe EXPreSSION ....cc.eeiuiieiiieiiiieiieeiie ettt 64
3.3.5 Mechanical Characterization.........c.ceeueevueeienieeruenieneeieeieseeee s 66
34 DISCUSSIONS ..eiutiiiiieiieeiteeiee st et ettt et e st e et e e sbteeabeesbte e bt e sbbeeabeesbeeeabeesbeeeaneenaee 67
3.5 CONCIUSIONS ..eoniiiiiiiniieiie ettt ettt ettt s eae 70

Chapter 4 : Improvement of Mechanical Characteristic of PLCL Scaffold .. 71

4.1 OVEIVIEW ...ttt ettt ettt ettt et e st e et e st e ebee st e e beeenbeasseesateenseeenseensseenseas 71
4.2 Materials and Methods ..........coceeiiiiiiiiiiiiieee e 72
4.2.1  Scaffold Fabrication ...........ccoceerieiiiiiiiniienieeeeee e 72
4.2.2  Infrared Spectroscopy (IR) ....ccouvveviiieiiiieiieeeeeeeee e 74
4.2.3  Differential Scanning Calorimeter (DSC)......cceevvveeeciveeniiieeeieeenee, 74
424  MOIPROIOZY ..ottt 74
4.2.5 Mechanical Characterization ..........ccceeceevuereeneenienieneenenieneeeeeen 75

viii



4.2.6  Cell StUAY .ouvieiiieiieiie e 75

4.3 RESUILS ..ottt et st 76

4.3.1  Properties of Multiple layers of PLCL Scaffold.............cccceeuneene.e. 76

4.3.2  Properties of PLCL/PCL Blends Scaffold..........cccceevveeniveinnennne. 81

4.3.3  Properties of melt-spun PLCL Scaffold .........c..ccoovvieiiincieeene 93
4.4 DISCUSSION ...eeutiiieiieiieeitete ettt ettt ettt et et sate bt et e st e bt et e eaeenaeensesanens 100
4.5 CONCIUSIONS ..ttt e e st e bt et e eneenaeeneesanens 103
Chapter S : General Conclusions.................cooceiviiiiniiiiieiiicccee e 105
REFERENCES ........coi ittt ettt ettt e e saeenseennens 107
APPENDIXES ...ttt ettt e s et e e e saeenseennens 123
GLOSSARY ...ttt ettt et st b et e ae e 124

X



LIST OF TABLES

Table 1.1 Biodegradable Polymers Used in Cardiovascular Tissue Engineering......22
Table 3.1 List Of Primers SEQUENCE. ........cecveeruieeiiierieeiienieeieeneeeieeseeereesereenseensneens 55

Table 4.1 Physical and Pore Morphology of the Layered Cylindrical Scaffold......... 78



LIST OF FIGURES

Figure 1.1 Stages of coronary heart disease and the corresponding treatment. (Plaque,

Figure 1.3. Tissue engineered-blood vessel production based on exclusively on the use

of human cells, as described in [1]......ccccooiieeiiiiiiiiiceee e 24
Figure 1.4 Cell sheet detachment cultured in temperature-responsive dish............... 25
Figure 2.1 Schematic fabrication of PLCL scaffold. ...........ccccoveniiiiniiniiiee 30
Figure 2.2 Fabrication of hybrid Sheet. ..........ccccovieiiriiniiiiiecee 31

Figure 2.3. SEM images of porous PLCL scaffold. a) outer-layer and b) cross section.

Figure 2.4. SEM images of MSC sheet. Low magnification (Left), High magnification
(RIGIE). ettt 35
Figure 2.5. Hybrid sheet of PLCL sheet and cell sheet. MSC sheet (yellow)............. 36
Figure 2.6. SEM images of cell spreading behavior on PLCL sheet at 14 days of culture.
A) HMSC sheet (head arrows) on porous PLCL sheet and b) covered the
porous structure. C) HMSC sheet spread horizontally by creating a
network structure (red arroWs). ....ocuveeeveeeriee et 37
Figure 2.7. H&E staining of PLCL sheet with MSC sheet in cross section at 1 day (a,b),
4 days (c,d) and 7 days (e,f) of culture. Low magnification (left), high
magnification (T1ZIL). ...c..oevvviiieiiieriie et 39
Figure 2.8. Number of viable cells in hybrid graft. Each data represented as mean +

SD, n=4, *P<0.05, **P<0.001, ***P<0.0001. ......ccceeevirierirrirrarrnne. 40

11



Figure 2.9. Tensile Mechanical behavior during in vitro course. (a) Typical stress-
strain curve at 1 day culture. Black arrow indicate point of breaking. (b)
Elastic modulus. (c) Tensile strength. (d) Strain energy density. (e) Strain
at failure. (f) Scaffold mass of PLCL sheet during 14 days incubation. Data
represent as mean = SD, n=3, * P <0.05......cccceeviiriierienieeieeieeeene 42
Figure 2.10. SEM images of deformed structure of 7 days of culture after tensile test.
(a, d) The appearance of pore deformation at break point. (b, ¢, e and f)
Fracture appearance in cross section. e and f show greater
MAGNTEICATION. ...ttt et e e e s e saaeeseeees 44

Figure 2.11. Variation of increase in tensile strength and its relation with cell

INFIITATION. .ot 48
Figure 3.1 Overview of PLCL tubular scaffold ............cocovieiineniiiinice 52
Figure 3.2 Schematic preparation of cell Sheet. ..........cccevevieviieciieniiiiiieeieeeeeieeee, 53
Figure 3.3 Schematic preparation of tubular scaffold layered with cell sheet. .......... 53
Figure 3.4 Illustration of ring tensile test. .........ccooveriiiiiiriiinieeeeeeeeeeeen 55

Figure 3.5 FE-SEM micrographs of PLCL cylindrical scaffold. A,B,C and a,b,c
showed low magnification and high magnification images,
TESPECLIVELY...ieeiiiieiiiie ettt ettt e et e e e et e e et eeebeeeeebeeeenees 58

Figure 3.6 FE-SEM micrographs of PLCL tubular scaffold with monoculture cell sheet
at 7 days of culture. A,B,C and a,b,c showed low magnification and high
magnification images, resSpectively. .....cccoevviveriieeriiieeieeeeeee e 59

Figure 3.7. FE-SEM micrographs of PLCL tubular scaffold with co-culture cell sheet
at 7 days of culture. A,B,C and a,b,c showed low magnification and high

magnification images, resSpectively. .....cccoevviveriieeriiieeieeeeeee e 61

12



Figure 3.8 Colorimetric assay of the tubular scaffold with monoculture cell sheet and
co-culture cell sheet. Light micrograph of tubular scaffold with
monoculture cell sheet (a,b) and with co-culture cell sheet (c,d) at 4 days
(left panel) and 7 days (right panel) in culture. Head arrows indicated the
tubular scaffold..........oooiiiiiii 62

Figure 3.9 Cell proliferation within the tubular scaffold during in vitro course. Each
data was presented as mean = SD (n=3), * indicate p<0.05 versus the cell
numMber at reSPECLIVE dAY. ...eevvieriieiiieiieeieeieeeie et 63

Figure 3.10 Gene expression of vascular endothelial growth factor (a) and its receptor
(b) within the tubular scaffold. Each data was presented as mean = SD
(n=3), * indicate p<0.05 versus the cell number at the respective day. .. 65

Figure 3.11 (a) Stress-strain curve at 11 day culture, (b) Comparison of average elastic
modulus, (¢) Comparison of average circumferential tensile strength, and
(d) Comparison of estimated burst pressure. Each data was presented as
mean £ SD (N73). oo 67

Figure 4.1 (a) Fabrication process of microfibrous scaffold using cotton candy
machine. (b) Photograph of the fabricated scaffold. ............cc.ccoceeee 74

Figure 4.2 SEM images of the outer wall of single, double and triple layer
SCATTONA. i 77

Figure 4.3 SEM images of the inner wall of single, double and triple layer
SCATTONA. .o 77

Figure 4.4 SEM images of the cross section of single, double and triple layer scaffold.

13



Figure 4.5 Mechanical properties of the multiple layers cylindrical scaffolds. A)

Representative of stress-strain curve. B) Elastic moduli. C)

Circumferential tensile strength. ..........cccccoeeieriiiiiiniiieieeee e 79
Figure 4.6 Estimated burst pressure of layered cylindrical scaffold......................... 80
Figure 4.7 Chemical Structure of a) PCL and b) PLCL..........cccceeviiiiiiniieiieiee. 81
Figure 4.8 Infrared spectra of PCL/PLCL blends scaffolds with various ratio. ........ 82
Figure 4.9 DSC thermograms of PCL/PLCL blends scaffolds. ..........cccccoeeviinienncnne. 84

Figure 4.10 Macro- and microstructure of the tubular scaffolds from PCL/PLCL
blends with various weight ratio. a) PCL, b) PLCL25, ¢) PLCL50,
d)PLCL75, e) PLCL. f) Plot of pore area and g) the wall thickness of the
tubular scaffolds as function of PLCL weight ratio. ..........ccccccvevveenneee. 86

Figure 4.11 Surface morphology of neat PCL, PCL/PLCL blends and neat PLCL. .87

Figure 4.12 Mechanical properties of PCL/PLCL blends. a) Stress-strain curve. b)
Circumferential Tensile Strength. c) Failure Strain. d) Elastic Modulus.
Each data represented as mean £ SD (N=4).....cccceevvveriieiniieenieeeieeee 88

Figure 4.13 Photos of the rebound properties of scaffolds with PCL/PLCL ratio of
25:75 and 0:100 before and after deformed with tweezer....................... 89

Figure 4.14 Thickness of PLCL 75 blends scaffolds depending on temperature of
blending solution from 20°C to 60°C.........ccccevvieeiiieeieeeieeeeeeeee e 90

Figure 4.15 Mechanical properties of PCL/PLCL blends scaffolds. A) Representatives
of stress-strain curve. B) Tensile strengths. C) Elastic moduli. D) Strain.
All data represented as mean = SD, n=3. ......ccccceoiiiiiiniiiiieeee 91

Figure 4.16 Morphology of phase separation of PCL/PLCL (25:75) at 20°C and 50°C

made by SOIUtION CASTING. ......ccvviieriiieiiie et 92

14



Figure 4.17 Cell proliferation of PCL/PLCL blends scaffold at 4 and 7 days of culture.
(TCPS, Tissue Culture Poly Styrene dish). ........ccoeeeeviieiieniieiienieenen. 93

Figure 4.18 SEM images of the microstructure of the microfibrous cylindrical scaffold.

Figure 4.19 Distribution of fibers diameter of the microfibrous cylindrical
SCATTOLA. ..o 94
Figure 4.20 (a) Typical stress-strain curve measured using ring tensile test, (b) Elastic
moduli, and (c) circumferential tensile strength. Each data represent as
mean £ SD (n=3), * indicates P < 0.05. ......ccceovvieiiieiiieiieceeeeee e 96
Figure 4.21 SEM images of cell attachment on microfibrous and microporous scaffold
at 3 hours culture (cell, red arrow). .......ocveecvierieeiiienieeieeee e 97
Figure 4.22 SEM images of cell attachment on the microfibrous and microporous
scaffolds 24 hours culture. ..........ccoeeeviriinienieeee e 98
Figure 4.23 Quantification of cell area (/eft) and aspect ratio (right) at 3 hours of
culture. Cell area and aspect ratio at 3 hours culture were quantified by
Image-J (n > 159), * indicates P <0.05. .....ccocovvieeiiieeieeeeeeeee e 99
Figure 4.24 Cell proliferation on the microfibrous and the microsporous scaffolds.
Data are represented as mean + SD, n=6, * indicates P <0.05............... 99

Figure 4.25 Comparison of tensile strength resulted in this study........c...ccoceeneeee 101

15



CHAPTER 1 : INTRODUCTION

1.1 Cardiovascular Heart Disease

Cardiovascular disease (CVD) remains the leading cause of death globally [1-
4]. CVD is defined as a condition that affects the normal function of heart and/or blood
vessel. This includes congenital heart disease (CHD) and coronary artery disease
(CAD). CHD involves a defect in the structure of the heart that changes the normal
flow of blood through the heart. CHD affects 8 out of 1000 newborns in the United
States. Although many of CHD cases are simple since the defects will close by itself
as the baby grows, others are often associated with a complex defect that need a
surgical intervention to close the defects or maintain the blood flow [5, 6]. CAD is the
most common form of cardiovascular diseases that affect adults over the age of 20.
CAD is caused by a plaque (a combination of fat, cholesterol and calcium) that builds
up inside the blood vessel [7, 8]. This plaque would eventually harden and clog the
blood flow which can cause a heart attack if the medical treatment is not performed
[9, 10].

The three major treatments for cardiovascular disease include angioplasty
(balloon catheter), stent, and surgical intervention by graft implantation [1]. The
treatment depends on the progressive states of the vascular disease, as illustrated in
Figure 1.1. At the early stages of plaque development, angioplasty is usually

performed. As plaque progress and develop angina, stent deployment is included in
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balloon catheter. When plaque occlusion occur, surgical intervention is required by

replacement of the diseased part of the artery with the cardiovascular patch or graft

>
Plaque
development

Treatment Angioplasty Stent Vascular graft

L = | TN

Figure 1.1 Stages of coronary heart disease and the corresponding treatment.

(Plaque, yellow).

The first successful of blood vessel replacement was performed by Kunlin [2] in
1948 to treat patient with a rest pain of the lower leg. Despite undergone amputation
as a major treatment at that time, Kunlin removed the diseased artery and established
a bypass using saphenous vein [3]. Surprisingly, the patient’s foot healed within 3
weeks after the surgery. Following this success, the use of saphenous vein become a
major procedure to treat of the diseased artery. In the United States, autologous blood
vessels is used in 400,000 of heart bypass surgeries every year [4]. Saphenous vein,
harvested from the leg, has long feature and large diameter which make it technically
easy to use for multiple grafts [5]. However, several studies reported that the
performance of saphenous vein in a high-pressure artery site is limited due to
mechanical mismatch, leading thrombosis and intimal hyperplasia [6,7]. Consequently,
the durability is not ideal because a repeat surgery is needed after several years, but

then it is also limited by the availability of saphenous vein [§].
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Autograft such as saphenous vein is always preferred for the patient since the
risk of immune response such as graft rejection, can be eliminated, but one of third
patients experiences that this autograft is inadequate or unsuitable [9]. Alternatively,
synthetic grafts are therefore needed. The use of synthetic grafts such as polyethylene
terephthalate (PET, DACRON®) and poly-tetrafluoroethylene (PTFE, Gortex®) are
quite common, especially in North America and Europe. The sales of synthetic grafts
in those regions reached US$1.3 billion in 2005 [10]. However, it has been widely
known that Dacron® and Gortex® work well only for the large diameter (>6mm)
vascular graft while the results for the small diameter (<6 mm) vascular graft is
disappointing. Studies have shown 20-25% of patency rate with 1 mm diameter PTFE
grafts [11-13]. The low patency rate of the small-diameter vascular graft is caused by
the material itself which activates thrombus formation on its lumen while the
compliance mismatch between the graft and the native vascular contributes to the
formation of intimal hyperplasia [14,15]. Consequently, patients with synthetic grafts

often required prolonged anticoagulant medications [16].

1.2 Cardiovascular Tissue Engineering

To address the limitations of the current available grafts, tissue engineering
[17] offers the most promising method that may alter the future treatment of CVD.
Cardiovascular tissue engineering is an interdisciplinary approach between biology,
medicine and engineering to develop a vascular graft that has ability to grow similar
to the native vascular tissue. Using tissue engineering concept, the term of
“replacement” in the conventional vascular surgery is shifted to “regeneration” of the

vascular tissue. To mimic the native vascular tissue, an engineered-vascular graft
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should has a burst pressure more than 1700mmHg [1] and an endothelium layer in the
lumen area (similar with the intimal layer of native vascular) [18].

Cell is one of the important component to develop an engineered-vascular graft.
To regenerate tissue, cells must be highly proliferative, non-immunogenic and easily
harvested [19]. The use of autologous cells such as vascular cells is preferable to
prevent the risk of immune-rejection and disease transmission. The first engineered-
vascular graft was constructed by Weinberg and Bell [20] in 1986 made of collagen
scaffold with seeded vascular cells. However, the harvesting procedure of vascular
cells can be quite painful for the patients [21]. Moreover, long cultivation time of
vascular cells limits the use in emergency situation [22]. The most-widely used cell in
cardiovascular tissue engineering is mesenchymal stem cells (HMSC) [23]. HMSC
can be isolated from bone marrow or can be harvested from other tissues such as
adipose tissue and umbilical cord [24,25]. Due to its highly proliferative property and
ability to differentiate into multi-type of cells, MSC is a promising candidate as a cell

source for regeneration of engineered-vascular graft.

1.3 Approach in Cardiovascular Tissue Engineering

Regardless of the cell sources that have been explored and used, attempts to
develop cardiovascular tissue engineering can be majorly classified into: scaffold

tissue engineering and cell sheet engineering.

1.3.1 Scaffold Tissue Engineering
The concept of tissue engineering usually utilizes a scaffold biomaterial which
act as a template for tissue regeneration. Figure 1.2 shows an illustrative procedure to

develop engineered-tissue using a scaffold. Cells are seeded into a porous scaffold.
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With the help of growth factor, cell growth was then guided by the scaffold to form a
new tissue. The scaffold also provides the structural support and affects the cellular
functions such as adhesion, proliferation, differentiation and secretion of extracellular
matrix components. It is therefore important that scaffold must be biocompatible with
an appropriate mechanical properties. To encourage the cell migration, scaffold should
be porous and interconnected. An interconnected-porous structure also provides

channels to deliver the nutrient and remove the waste during the tissue growth.

Single cells

O

In vitro Maturation In vivo transplantation

» K

Scaffold Cell signalling Tissue regeneration

Figure 1.2 The Concept of Scaffold Tissue Engineering

Various methods to fabricate scaffold have widely been reported including
particulate-leaching techniques, phase separation, textile technology, and
electrospinning [26]. The resulted scaffold by particulate-leaching technique and
phase separation is a porous scaffold. In particulate-leaching technique [27], small
particle of salts are mixed with a polymer solution. After the solvent is evaporated, the
salt crystals are leached away, resulting the pores of the scaffold. Phase separation
[28] is another technique that has been widely used to fabricate scaffolds for tissue
engineering applications. Phase separation is achieved by lowering the temperature to
induce solvent crystallization from a polymer solution. Upon freeze-drying, the

solvent is evaporated to form the pores and the polymer-rich phase solidified to form
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the struts. Fibrous scaffold can be fabricated using textile technology and
electrospinning. Poly glycolic acid (PGA) nonwoven scaffolds have been produced
using textile technology for engineering of cartilage [29], blood vessels [30], heart
valves [31] and other tissues. Recently, electrospinning [32] is getting much attention
to fabricate fibrous scaffold with fibers bundles varying in micro/nano scale. Although
the electrospinning have extensively been studied, its low production rate and
complexity of control parameters may limit its clinical application [33]. Other
alternative techniques must be developed to fabricate fibrous scaffolds without toxic

solvents.

Materials for scaffold can be either bio-stable in a long-term period or biodegradable
at a rate equal to the tissue regeneration. Both type of scaffolds can produced from
decellularized tissue, natural materials and synthetic polymers. Synthetic materials
have attracted a special interest to construct a prosthetic graft since they are
commercially available and reproducible. However, in the field of cardiovascular
tissue engineering, the work has been much focused on the use of synthetic polymer
that can be hydrolyzed and degraded in the body without generating harmful products.
Such biodegradable polymers that have received much attention in cardiovascular
tissue engineering are poly glycolic acid (PGA), poly caprolactone (PCL), poly lactic
acid (PLA), and copolymer of lactic acid and caprolactone (PLCL), as summarized

Table 1.1.
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Table 1.1 Biodegradable Polymers Used in Cardiovascular Tissue Engineering.

Biodegradable Result Drawback References
polymers
PGA In vivo in pig: good patency and Degrade too fast [30]
non thrombogenic. within 4 weeks
PCL Mechanical properties that Too long [34,35]
match with native soft tissue. degradation time
PLGA Capable of resisting Lack of structural [36,37]
compressional forces in vitro. stability in vivo
PLCL Controllable mechanical Depend on [38]

properties and degradation time.  copolymer

Good biocompatibility to composition

smooth muscle cells.

PGA has been widely used in the application of medical devices such as
bioresorbable surgical suture [39] which provides a high initial tensile strength.
Tubular scaffold made of PGA with the seeded-vascular cells demonstrated a good
patency and non-thrombogenic in a pig model [40] . Unfortunately, the application of
this PGA made-scaffold is limited due to fast degradation property. It was reported
that PGA loses its strength in vivo within 4 weeks and was completely degrade in 6
months[41]. With this fast degradation, a concern is raised whether the regenerated-
tissue is mechanically strong enough to withstand the arterial pressure when the
materials degrade. As a solution, PGA is frequently combined with other
biodegradable polymer to tailor the degradation rate such as polyhydroxyoctanoate
(PHO). This additional work showed a patency more than 5 months with an improved
mechanical strength in a lamb model [42]. Despite its wide application, a recent study

conducted by Higgins et.al. [43] revealed that the degradation product of PGA could
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induce dedifferentiation and reduce the growth of SMCs during in vitro study, thus the

use of PGA for vascular tissue engineering is not recommended.

Other biodegradable polymer candidate that has also been widely studied in
development of cardiovascular tissue engineering is PCL. PCL has a low melting point
with elastic and flexible characteristics [44], slow degradation time and is regarded as
a soft tissue compatible material [45-47]. Yeong et.al. [35] fabricated porous PCL
scaffold by using the selective laser sintering which allows for the fabrication of
uniform pore size and patterns. His result demonstrated an ability of this technique in
tailoring the mechanical properties of PCL scaffold to match with that of the native

tissue.

In order to control the degradation time, PCL is usually copolymerized with
lactic acid (LA) to form copolymer of PLCL. PLCL was first synthesized by Feng
et.al. [34] through ring opening polymerization. In intend to seek materials that can
replace the non-biodegradable silicon rubber, they combined the excellent
permeability of PCL with the faster biodegradation of PLA. The resulted copolymer,
PLCL, possessed a very similar properties with silicone rubber, but its degradation is
faster than that of PCL or PLA homopolymers. This is due to the decreasing of
crystallinity and an increase in water absorption which depend on the hydrophilicity

of monomer.

1.3.2 Cell Sheet Engineering
Historically, tissue engineering has relied on the use of materials (synthetic or
natural) to provide structural and mechanical support. This has been true since

mechanical strength is a critical factor. However, the risk of autoimmune rejection is
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always presence if synthetic materials is used. In 1998, L’heureux and his colleagues
[48] reported a different approach to develop tissue-engineered blood vessel based on
the human cells completely, without scaffold. The technique included culturing of
smooth muscle cells and adult fibroblast cells in a medium enriched with ascorbic acid
to induce production of collagen type 1. After 30 days of culture, cell sheets from both
type of cells were formed. They were then manually peeled off from the culture flask
and wrapped around a mandrel to produce a tubular structure composed of cell sheets,

as shown in Figure 1.3.

Mature layer Rolling Resulting
Smooth muscle lar graft

Fibroblasts

Figure 1.3. Tissue engineered-blood vessel production based on exclusively on the

use of human cells, as described in [1].

After additional culture for maturation, the resulting construct was seeded with
endothelial cells on the lumen side, so that the vascular graft had three layers,
resembling the native blood vessel which consist of intima, media and adventitia layer.
This graft performed quite well during in vivo test in dog which could withstand
physiological flow conditions. The burst pressure of this graft is >2000 mmHg,
comparable to saphenous vein. However, the construction time of this cell sheet based-
graft is quite long [49]. Overall, the production of the graft needs 3 months: 3 weeks

for sheet formation, 1 week for media maturation, 7 weeks for adventitia maturation
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and 1 week for endothelial cell growth. Additional potential drawback of this
production involves the peeling technique to harvest the cell sheet which could lead to

tearing and create a potential defect for bursting during maturation.

This potential drawback is now possible to be alleviated by allowing cell sheets
to detach themselves without an external force using temperature-responsive dish.
This dish is covalently grafted by poly (N-isopropylacrylamide) on its surface which
allows to change its hydrophobicity-hydrophilicity over specific range of temperature
[50,51]. For example, at temperature of 37°C, the surface is hydrophobic so that cells
can attach and grow on its surface. The surface properties will change to hydrophilic
when the temperature is decreased to less than 32°C, so that the confluent cells could

detach by themselves as an intact sheet, as described in Figure 1.4.

37°C, hydrophobic 20°C, hydrophilic

Confluent cells

Temperature-responsive polymer Ext il trix (ECM
N-isopropylacrylamide (NIPPAM) racellular matrix (ECM)

Figure 1.4 Cell sheet detachment cultured in temperature-responsive dish.

Transplantation of cell sheet onto the damaged tissue showed satisfactory
result in various animal model [52—55]. For example, this technology has been used

to prepare a cardiac patch from MSC sheet to repair myocardial infraction [56]. MSC
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sheet allows for cell-to-cell connections and intact extracellular matrix on its basal
surface which are essential factors for cell proliferation and differentiation. As a result,
after transplantation in an infracted rat heart, MSC sheet was able to differentiate into
endothelial cells and cardiomyocyte cells and improve cardiac function [56].
Temperature-responsive dish has also been reported to prepare a myocardial tube from
cardiomyocyte cells [57]. Four weeks after transplantation into rat, the myocardial
tube demonstrated spontaneous and synchronous pulsation independent of the host
heartbeat. In clinical trial, cell sheets have been implemented into heart, esophagus
and cornea [58,59]. This technology [60] also provides time-effectiveness in the cell
sheet preparation. Using, temperature-responsive dish, cell sheet can be harvested in
relatively short time; 3-4 days for HMSC, 4-5 days for cardiomyocyte cells [61,62],

and 2 weeks for epithelial cells [58,63].

14 Problem Statements

In Japan, the first tissue engineered vascular graft was implanted into a human
patient in 2001[64]. The grafts , made of PGA/PLCL with seeded-bone marrow cells
(BMCs) [65], showed normal function without any evidence of graft failure in 20 out
of 25 the clinical patients [66]. However, after long-term follow-up, graft stenosis and
thrombosis were identified in 16% of patients [67]. As previously described, the native
blood vessel has intima layer that consist of endothelial layer coating the lumen surface.
This endothelium performs the function of preventing thrombosis and reducing the
extent of intimal hyperplasia[68—70]. In order to improve the long patency of the
vascular graft, many studies have attempted to optimize the endothelium formation by
seeding endothelial cells (ECs) in the lumen surface of the vascular graft [69]. The

result, reported by Schneider et.al. [69], showed that endothelial layer could prevent
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the platelet deposition in PTFE graft. The initial clinical application of this endothelial-
coated graft resulted an improvement in the graft patency, compared to that without

ECs seeding.

Mature ECs sheet is currently possible to be created efficiently in vitro using
temperature-responsive dish, as described in 1.3.2. The preformed-EC sheet is
possible to be layered on the vascular graft directly, avoiding a prolonged in vitro
maturation like when the dissociated cells are used. Cell sheet also has superior
properties than the dissociated cells such as, greater survival rate (ten times at 4 weeks
after transplantation in vivo) [71] and more effective therapeutic effects and tissue
regeneration [72]. Okano et.al. [50] reported that the cells dissociated by trypsin have
a reduced-substrate adhesivity due to the disruption of cell membrane proteins which
is essential for cell attachment. Using this cell sheet technology, Shimizu et.al.[73]
reported the fabrication of three-dimensional myocardial tissue by stacking the
cardiomyocyte sheets. Although the tissue can beat synchronously like real heart, the
number of sheet that can be stacked is limited up to three layers due to hypoxia,
nutrient insufficiency, and waste accumulation[73,74]. This is a clear evidence that
the creation of 3D and functional tissue from stacked-cell sheet is remained hardly to

be realized if the tissue ischemic environment is not addressed.

In this study, a new approach to develop engineered-hybrid graft for
cardiovascular tissue engineering by combining scaffold tissue engineering and cell
sheet engineering was investigated. By combining the two techniques, the mutual
benefits will be resulted. From the scaffold point of view, cell sheet could provide a
more mature cellularization as compared with the conventional seeding method using

the dissociated cells, thus a cellularized graft could be produced time-efficiently in
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vitro. On the other hand, scaffold could provide the structural and mechanical support
for cell sheet. This also could address the previous limitation of the engineered-
cardiovascular graft based on cells exclusively [48] which lack of structural and

mechanical stabilities.

1.5 Goal of Study

The goal of this study is to develop hybrid graft by combining PLCL scaffold
and cell sheet for cardiovascular tissue engineering. In the first chapter, cardiovascular
patch was developed by layering PLCL sheet scaffold with MSC sheet. Second chapter
is aimed to develop hybrid vascular graft from PLCL tubular scaffold and co-culture
sheet. The third chapter addressed the limitation of mechanical and structural
properties of PLCL scaffold by developing the multiple layer scaffold, physically

blending with PCL, and fibrous PLCL scaffold using the melt spinning method
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CHAPTER 2 : DEVELOPMENT OF LAYERED HYBRID

CONSTRUCT OF PLCL SCAFFOLD AND HMSC SHEETS

2.1 Overview

In this chapter, a novel hybrid structure by combining of cell sheet and porous
PLCL sheet was developed. Cell sheet was prepared from MSC because of multipotent
capacity to differentiate into various cells including vascular endothelial cells [75,76].
The use of porous PLCL sheet is aimed to provide channels for nutrient supply as well
as to support mechanical properties. PLCL sheet was fabricated using solid-liquid
phase separation method followed by freeze drying method. Then HMSC sheet,
prepared by temperature-responsive dish, was layered on PLCL sheet to form hybrid
graft. The variational behavior of mechanical strength was evaluated. The cell
proliferation during two weeks of in vitro study were monitored and the cell spreading

behavior was evaluated by histological staining and electron microscopic analysis.

2.2 Materials and Methods

2.2.1 Fabrication of PLCL Scaffold
Porous tubular scaffolds composed of (PLCL) at 75:25 ratio (Gunze Ltd., Kyoto,
Japan) were fabricated by solid liquid phase separation method followed by freeze-
drying under vacuum. The fabrication process was illustrated in Figure 2.1. The

polymer granules were dissolved in 1.4-dioxane solvent with final concentration of
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6% (w/v). A Teflon tube of 10 mm in diameter, taken from -80°C was vertically dipped
into polymer solution and pulled out at a constant rate (100 mm/min). This sample
was frozen again at -80° C for at least 1 hour before being freeze-dried at -50°C for 24
hours. Finally, the fabricated graft was pulled out from the Teflon tubes and cut to
make into sheets. To evaluate the degradation process, PLCL sheet was incubated in
a phosphate buffer saline (PBS) solution at 37°C/5% COx for 1, 4, 7 and 14 days. The
percentage of weight loss of PLCL sheet was calculated by comparing the weight

before incubation with the weight after incubation.

.8 . L1 PLCL Sheet
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Teflon rod PLCL (6%) solution The fabricated scaffold

Figure 2.1 Schematic fabrication of PLCL scaffold.

2.2.2 Fabrication of Hybrid Construct
Human HMSC (UE6E7TE, Riken BRC, Tsukuba, Japan) of passage 4-5 were
cultured on a 24-multi well temperature-responsive dish (CellSeed Inc., Tokyo, Japan)
at a density of 5 x 10* cells/well. The cells were cultured in cell growth medium
containing a-MEM (Wako Chem.,Tokyo, Japan), 10% FBS, and 1% penicillin
streptomycin in a humidified atmosphere with 5% CO» at 37° C for 4 days. The cell
sheets were obtained by detaching the confluent cells from the dishes at room

temperature for 20 minutes. Cell shifter was utilized to transfer cell sheet onto PLCL
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sheet. Each cell sheet was transferred onto a PLCL sheet (10 mm x 10 mm) which
had been sterilized by ethanol 70% and ultraviolet. After removing media, the layered
construct was incubated for 1 hour to promote adhesion between cell sheet and PLCL
sheet. Finally, the layered construct was incubated in 2 mL of cell growth medium and

cultured for 2 weeks. Fabrication of hybrid sheet was illustrated in Figure 2.2.

Cell shifter

PLCL sheet MSC sheet Hybrid sheet

Figure 2.2 Fabrication of hybrid sheet.

2.2.3 SEM Imaging

The microstructure of each sample was observed using field-emission
scanning electron microscope (FE — SEM) (Hitachi Ltd., S-4100). For the layered
construct, the sample was washed with phosphate buffer saline, dehydrated in
ascending concentration of ethanol (40%, 50%, 70% and 100%) and soaked in t-butyl
alcohols. Then the sample was freeze-dried in freeze drying machine (ES-2040,
Hitachi,Ltd., Tokyo, Japan) and sputter-coated with Pt—Pd using an anion sputter
coater (E-1040, Hitachi, Ltd., Tokyo, Japan). Both the cross section and surface area

were observed.

2.2.4 Cell Proliferation Analysis
The cell viability of each layered construct was evaluated by using a Cell
Counting Kit (Dojindo Laboratories, Kumamoto, Japan). The layered construct was

soaked in PBS and the cell counting kit, and incubated in a CO incubator for 2 hours.
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The absorbance was measured by spectrophotometric plate reader (2040 ARVO™ X2,

Perkin Elmer Co., Yokohama, Japan) at a wavelength of 450 nm.

2.2.5 Hematoxylin and Myosin (H&E) Staining
After incubating for 1, 4, 7, and 14 days, the layered construct was recovered
from the dish, washed with PBS, and dehydrated with ascending ethanol solution (40%,
50%, and 70%). The layered construct was embedded in paraffin, sectioned and
stained with Hematoxylin and Eosin (H&E). The image was observed using a

microscope digital camera (Olympus DP12, Olympus Optical Co. Ltd., Japan).

2.2.6 Mechanical Characterization
Tensile mechanical tests were performed after 1, 4, 7, and 14 days of cell
cultures by using a Shimadzu Compact Tabletop Testing Machine with a 10 N load
cell and a crosshead speed of 1 mm/min. The region under measurement was
rectangular in shape (10 mm in length, 10 mm in width, 0.5 mm in thickness). Based
on the load-displacement relation that was monitored during the test, the stress () and

strain (&) were evaluated using the following formulas.

o=F/A Equation 2-1

e=AL/L Equation 2-2

where F is the force under tensile test, A is the area of cross sectional sample,
L is the length of sample under measurement and AL is the displacement after loading
at each time. The elastic modulus was calculated by identifying the linear region in

the resulting stress-strain curve.
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2.2.7 Statistical Analysis
All data were expressed as mean = SD. Statistical analysis were performed by
Fischer’s LCD comparison test in which P values of less than 0.05 were considered

statistically significant.
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2.3 Results

2.3.1 Morphology and Microstructure of PLCL and MSC Sheet
The thickness of PLCL sheet was around 0.5 mm. SEM images (Figure 2.3a)
showed that the PLCL sheet consists of porous structure with an average pore size of
21 um = 4.5 um. The cross section image (Figure 2.3b) showed elongated pores

connected to each other, indicated that PLCL sheet was very interconnecting.

Figure 2.3. SEM images of porous PLCL scaffold. a) outer-layer and b) cross

section.
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Upon transferred to room temperature, HMSC sheet was spontaneously
detached within 20 minutes and shrank to approximately 25% of its original diameter.
SEM observation of HMSC sheet (Figure 2.4) revealed an intact cell sheet with
abundance of extracellular matrix. However, it was impossible to observe of each cells
distinctly due to high cell density. Numerous mound texture were indicated as a result

of cells sheet contraction after detachment.

Figure 2.4. SEM images of MSC sheet. Low magnification (Left), High

magnification (Right).
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For fabrication of hybrid construct, one layer of HMSC sheet was layered on
PLCL sheet (10 x 10 mm in size) using pipet. Figure 2.5 showed gross appearance a
hybrid layered construct with HMSC sheet remained attached (as indicated in yellow)

at 7 days of culture.

Figure 2.5. Hybrid sheet of PLCL sheet and cell sheet. MSC sheet (yellow).
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2.3.2 Cell Spreading and Infiltration
To observe the behavior of cell sheet spreading on the PLCL sheet, SEM
imaging was performed. SEM images of surface region at 14 days of culture were
shown in Figure 2.6 . The cell sheet (indicated in red head arrows) covered half surface
of PLCL sheet (Figure 2.6a), making the pore structure of PLCL sheet completely
unobservable (Figure 2.6b). The cell sheet was able to proliferate actively across the
entire surface of the polymer sheet by creating a network structure of extracellular

matrix (Figure 2.6c¢).

a) b)

200 pm 3 . 10 pm

10 um

Figure 2.6. SEM images of cell spreading behavior on PLCL sheet at 14 days
of culture. A) HMSC sheet (head arrows) on porous PLCL sheet and b) covered the
porous structure. C) HMSC sheet spread horizontally by creating a network structure

(red arrows).
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Histological analysis was performed to examine the cell infiltration into PLCL
sheet. The cross section images at 1 day culture showed that HMSC sheet well attached
on PLCL sheets (Figure 2.7a). It is clearly seen that cells from HMSC sheet migrate
inside the PLCL sheet through connecting porous (Figure 2.7b). After 4 days of culture,
the cells had continued to proliferate deeper through the connecting pores as shown in
Figure 2.7¢ and d. After 7 days of culture, a new layer-like cell sheet had formed on
the bottom side of the polymer sheet, resulting in a unique, sandwich-like structure

(Figure 2.7e and f).

38



7 days

Figure 2.7. H&E staining of PLCL sheet with MSC sheet in cross section at 1 day
(a,b), 4 days (c,d) and 7 days (e,f) of culture. (Cells, red-pink). Low magnification

(left), high magnification (right).
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2.3.3 Cell Proliferation

Cell proliferation is a critical part for a complete cellularization of patch graft
and a good indication for tissue regeneration. Cell proliferation on PLCL sheet was
examined quantitatively at 1, 4, 7, 14 and 30 days of culture using cell counting kit
which contains water soluble tetrazolium salt, generating a yellow color from only
viable cells. As shown in Figure 2.8, HMSC actively proliferated in significant amount
from day 1 to day 14. At day 30, the number of live cells was increased more than 2
folds from day 14. This experiment therefore gives strong evidence that PLCL sheets

are compatible for cells growing.
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Figure 2.8. Number of viable cells in hybrid graft. Each data represented as

mean + SD, n=4, ¥*P<0.05, **P<0.001, ***P<0.0001.
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2.3.4 Tensile Mechanical Evaluation

To evaluate mechanical properties of both the PLCL sheet with and without
HMSC sheet, tensile tests were performed. The PLCL sheet with HMSC sheet
exhibited steeper stress-strain curves compared to PLCL sheet only as shown in Figure
2.9a. In Figure 2.9b, PLCL sheet with cell sheet showed an increasing of elastic
modulus significantly at day 1 culture. However, the elastic moduli of PLCL sheet
with HMSC sheet from 4 days to 14 days can be maintained insignificantly different
with that of PLCL sheet only. Figure 2.9c showed averaged ultimate tensile strength
during culture. At 1 day culture, the effect of HMSC sheet on the increasing of tensile
strength of PLCL sheet was less apparent, however, PLCL sheet with HMSC sheet
showed improvement of tensile strength in significant amount at 4 and 7 days of
culture. The differences of failure strain between PLCL sheets with and without
HMSC sheet were not clearly obvious during cell culture period (Figure 2.9d). It was
also found that the strain energy density of PLCL sheet with HMSC sheet showed a
significant enhancement compared with PLCL sheet at 4 and 7 days culture (Figure
2.9e). In general, it can be recognized that there were tendency of decreasing the
mechanical properties at 14 days of culture. The scaffold mass evaluation revealed
that the PLCL sheet lost its weight around 4% after 14 days incubation, as shown in

Figure 2.91.
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Figure 2.9. Tensile Mechanical behavior during in vitro course. (a) Typical stress-
strain curve at 1 day culture. Black arrow indicates point of breaking. (b) Elastic
modulus. (¢) Tensile strength. (d) Strain energy density. (e) Strain at failure. (f)
Scaffold mass of PLCL sheet during 14 days incubation. Data represent as mean =+

SD, n=3, * P <0.05.
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SEM images of typical microstructural deformation at break point are shown
in Figure 2.10. Both of PLCL sheet and PLCL sheet with HMSC sheet exhibited a
ductile deformation. However, the deformation region of PLCL sheet with HMSC
sheet is wider than that of PLCL sheet only, as indicated in Figure 2.10a and d (blue
head arrow). The cross section images showed tearing failure (Figure 2.10. SEM
images of deformed structure of 7 days of culture after tensile test. (a, d) The
appearance of pore deformation at break point. (b, c, e and f) Fracture appearance in
cross section. e and f show greater magnification.. It is surprising that the cells can be
found inside the elongated pore which formed a connecting network around strut walls

(Figure 2.101).
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PLCL Sheet only With MSCs Sheet

Figure 2.10. SEM images of deformed structure of 7 days of culture after
tensile test. (a, d) The appearance of pore deformation at break point. (b, ¢, e and f)
Fracture appearance in cross section. e and f show greater magnification. (cells, red

head arrow).

24 Discussion

One of key success in tissue engineered vascular patch is the capability of
cellularized patch scaffold to regenerate into new tissue and able to integrate with

native vascular tissue. To encourage cellularization of patch graft, the scaffold should
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promote cell migration and cell growing in three dimensional. Therefore, it is
necessary to design scaffold with highly porous structure and interconnected. Solid-
liquid phase separation subsequent with freeze drying method is a facile technique to
construct scaffold with suitable porous structure and has been practiced to prepare
tissue engineered patch for clinical trial [66]. In the present study, PLCL sheet
fabricated by these methods had a porous structure with average pore diameter of 21
um + 4.5 (Figure 2.3a, b and c) which provides an adequate size to support cell

infiltration (Figure 2.7) and proliferation (Figure 2.8).

Furthermore, to be able to integrate with native vascular tissue, it is important that
tissue-engineered patch are anti-thrombogenic and resistant to immune response thus
improving its durability. As such, it has been reported that matured endothelial layer
on lumen area of vascular graft could maintain good long-term patency [77,78] . The
scaffold is seeded with endothelial cells then cultured in vitro to allow the formation
of endothelial layer on luminal surface of scaffold prior implantation. Therefore, this
approach is potentially applicable in developing antithrombogenic tissue engineered
patch. The technique, however, is mainly limited by two factors. First, cell seeding
efficiency is low as not all cells attach on the scaffold. Second, the extended time to
form a mature endothelial cell layer reduce its cost efficiency. In the present study, we
addressed the mentioned limitations by employing cell sheet technology with
biodegradable scaffold. Since the confluent HMSC can be harvested as an intact layer
of HMSC, the seeding efficiency is higher compared to manual seeding using
dissociated cells[79]. Moreover, HMSC sheet has been reported to repair myocardial
infraction [56] and has capacity to differentiate into endothelial cells[75,76]. In this
study, HMSC sheet was layered on porous PLCL sheet and remained attached and

intact at 1 day of culture (Figure 3a and d). This combination technique enables the
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preparation of mature cell sheet in parallel with scaffold fabrication, thus may allow
construction process more efficiently in which usually take additional 1-4 weeks to
create an endothelium on scaffold [80].

Apart from that, combination of cell sheet and porous scaffold could be an
alternative way to overcome the cell sheet limitation. Previous study reported a
difficulty to construct a thicker cell sheet because such high cell density environment
showed necrosis and apoptosis due to lack of nutrient and oxygen supply [73,74,81].
We hypothesized that when cell sheet is combined with scaffold, the porous structure
can provide channels for nutrient delivery and metabolic waste removal, thus enabling
cell sheet to survive even in high cell density. In the present study, cells from HMSC
sheet could migrate into PLCL sheet through connected porous and formed a new
layer of HMSC sheet on the opposite side of PLCL sheet. The cross section image of
histological staining (Figure 2.7c) revealed that cell sheet could reach thickness
approximately 54 um, without giving any indication of decreasing cell number during

cell culture study, as supported with proliferation assays result (Figure 2.8).

This study focused on the influence of HMSC sheet on the mechanical
behavior of PLCL sheet. It has been shown that PLCL sheet with HMSC sheet showed
higher elastic modulus at 1 day of culture, however, from 4 to 14 days of culture, the
elastic moduli of PLCL sheet with and without HMSC sheet could be maintained
insignificantly different (Figure 5). It means that HMSC sheet is able to maintain the
elasticity of graft. This influence on elasticity was also agreed with the previous study
that reported cell sheet of smooth muscle cells improved the elasticity of
electrospinned PLCL tubular graft[79]. In contrast, HMSC sheet gave a variational
tensile strength behavior during in vitro which is characterized by the influence of

cellular proliferation and infiltration, as summarized in Figure 2.11. On the initial day
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of culture, the cells that migrated from HMSC sheet did not affect strongly in the
increasing of tensile strength change. However, over the next 4 days of culture, cells
were actively proliferating in the inner region and penetrated entirely into the pores,
thus increase tensile strength around 26%. This kind of improvement is thought to be
the effect of increasing of cell number which support on the collagen production,
leading to increasing of tensile strength [82,83]. At 7 days of culture, a unique, layered,
sandwich-like structure was observed, with cell sheets on both the surface and the
bottom and polymer scaffold in the center. This layered construct had a tensile strength
significantly greater than the PLCL sheet only although percentage of increase was
decreased. At 14 days of culture, although cells continued to proliferate and formed a
more mature layered construct, the degradation of PLCL sheet affected greater to the
decreasing of tensile strength than strengthening effect by cellular infiltration. This
degradation was supported by weight loss data of the PLCL sheet during incubation
(Figure 2.91). In 2 weeks, PLCL sheet had lost approximately 4% of its weight. This
result suggested that hydrolytic degradation might have caused a significant structure

erosion and strut thinning, thus affects greatly to the decreasing of tensile strength.
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Figure 2.11. Variation of increase in tensile strength and its relation with cell

infiltration.

The increasing material density due to cell penetration into the pores is
considered to effect on the increasing of strain energy density greatly particularly at
day 4 and 7 of culture (Figure 2.9¢). The deformation mechanism of both PLCL sheet
with and without cell sheet were characterized by ductile tearing failure of strut under
tensile test. Both of them showed elongated pores at critical stress, however, the
deformation region of PLCL sheet with cell sheet is wider than PLCL sheet only which

is characterized to be the influenced of strain energy density increasing (Figure 2.10).

Finally, the described results demonstrates two important point. First,

combining cell sheet with porous scaffold could be one of promising way to preserve
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the critical properties of cells as well as provide better environment for tissue growth.
Second, the results suggested that cell sheet could enhance the tensile strength and
strain energy density of PLCL sheet thus may prolong biomechanical stability when

implanted in vivo.

2.5 Conclusions

In this study we have developed new technique to construct tissue engineered
patch by layering HMSC sheet on porous PLCL sheet. The conclusions were obtained

as follows:

1.  HMSC sheet was able to survive (even in a thicker density) and actively
proliferated on porous PLCL sheet, suggesting that a porous structure is
important in transporting nutrient and oxygen supply while removing metabolic
waste.

2. Variations in the tensile strength of layered constructs were affected by two
factors, cell proliferation and infiltration and the degradation of the PLCL sheet.
Once the cell sheet had proliferated entirely into the pores of the polymer and
formed a new layer on the opposite surface, the layered construct exhibited
significantly higher tensile strength than that without the cells. However, after
14 days of culture the effect of the degradation of the polymer sheet overtook

that of cell proliferation, resulting a decreasing of tensile strength.
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CHAPTER 3 : DEVELOPMENT OF CYLINDRICAL
HYBRID CONSTRUCT OF PLCL TUBULAR SCAFFOLD AND

HMSC/HPAEC CO-CULTURE SHEET

3.1 Overview

In Chapter 2, we have developed an engineered-patch by layering HMSC sheet
on porous PLCL sheet [84]. Using temperature-responsive dish, HMSC could be
prepared within 4 days only. Simultaneously, PLCL sheet could also be prepared,
therefore, with additional 1 weeks for maturation, the engineered construct could be
ready within 2 weeks. Therefore, this combined techniques can be used to engineer
the graft in emergency situations. Moreover, MSC sheet was able to penetrate into
porous structure and form a new layer. We hypothesized if cell sheet can be combined
with porous tubular scaffold, it can form a sheet on the lumen of the tubular scaffold,
mimicking intima layer of the native blood vessel. As mentioned in Chapter 1, intima
layer which contains of endothelial layer is a critical part to prevent platelet deposition

and thrombus formation in vascular graft.

Therefore, in this chapter, a vascular construct by layering cell sheet onto
PLCL cylindrical scaffold was developed. The cells sheet was prepared by co-
culturing of HMSC and ECs because co-culture system was reported to promote
higher proliferation rate[85]. Moreover, the angiogenic potential of co-culture HMSC

and ECs is superior to that of monoculture containing either HMSC or ECs only
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[75,86,87]. In addition, we expected that co-culture sheet could form a new layer on
lumen of tubular scaffold and differentiate into endothelial cells resembling an intima

layer.

The cylindrical PLCL scaffold was fabricated through solid-liquid phase
separation method followed by freeze drying. The fabricated scaffold was then
wrapped with co-cultured cell sheet. We monitored cell spreading behavior of cell
sheet and whether cell sheet could penetrate into scaffold. We also investigated the
effect of co-culture system to the proliferation and differentiation of cells on
cylindrical scaffold. We also characterized the variational behavior of the tensile

mechanical properties of the hybrid structure during the cell culture period.

3.2 Materials and Methods

3.2.1 Fabrication of Cylindrical Scaffold
Cylindrical scaffold was fabricated from PLCL (75:25) (Gunze Itd., Kyoto,
Japan) by solid-liquid phase separation method followed by freeze drying, as

previously described in Chapter 2. The resulted tubular graft was shown in Figure 3.1.
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Figure 3.1 Overview of PLCL tubular scaffold

3.2.2 Preparation of Cell Sheet

The schematic procedure of the cell sheet preparation is illustrated in Figure
3.2. The co-culture cell sheets were prepared by seeding 5 x 10 cells composed of
HHMSC (UE6E7TE, Riken RBC, Japan) and human pulmonary artery endothelial
cells (HPAECs) (KA-4109, Kurabo, Japan) at cell ratio of 1:1 into 24 multi-wells of
the temperature-responsive dishes (CellSeed Inc., Tokyo, Japan). The seeded cells
were cultured in the cell growth medium (CGM) containing MEM-a (Wako, Osaka,
Japan), 10% FBS, and 1% Penicillin-Streptomycin and EGM 2 (supplemented with
0.02 ml/ml FCS and 0.5 ng/ml VEGF) (Promo Cell, Heidelberg, Germany) at ratio of
50:50. For comparison, monoculture cell sheets were also prepared from only HMSC
(5 x 10 cells) in the similar medium. After 4 days of culture, the confluent cells were
detached spontaneously at room temperature for 20 min. The detached cell sheet was
easily shrunk from original size, as shown in Fig. 2b. Therefore, after the medium was
removed, the thin layer of membrane was layered on the top of confluent cells
immediately. This membrane was used to prevent the confluent cells from shrinking
and ease the transfer process on the cylindrical scaffold. The diameter of the cell sheet

was approximately 10 mm.
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4 days

Cell seeding

(8) P

Figure 3.2 Schematic preparation of cell sheet.

3.2.3 Fabrication Hybrid Structure
Two pieces of HMSC/ECs or HMSC cell sheets were layered on the surface
of a cylindrical PLCL scaffold as shown in Figure 3.3. These tubular structures were
then cultured for 11 days in a mixed medium of CGM and EGM (50:50) for both type

of cell sheets.

Tubular scaffold

Attaching cell sheet (2 layers) Removal cell shifter
(14 mm in length) After 1 min, RT

incubation 37° C/CO,

Figure 3.3 Schematic preparation of tubular scaffold layered with cell sheet.

3.2.4 Observation of Cell Growth Behavior
Cell spreading and infiltration were observed by a field emission scanning

electron microscope (FE-SEM) (S-4100, Hitachi, Japan).. The samples were washed
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with phosphate buffer saline (PBS), dehydrated in ascending concentration of ethanol
(40%, 50%, 70% and 100%) and soaked in t-butyl alcohols. Then they were freeze-
dried in a freeze drying machine (Hitachi, Tokyo, Japan), sputter-coated with Pt-Pd

with an anion sputter coater (Hitachi, Tokyo, Japan) and analyzed by FE-SEM

3.2.5 Cell Proliferation Analysis
Cell proliferation was monitored by the colorimetric assay using cell counting
kit (Dojindo, Kumamoto, Japan). The samples were washed with PBS, then soaked in
a reagent containing tetrazolium salt that generate yellow when in contact with viable
cells.The more intense the generated color, the more live cells contained within the
graft. After incubating for 2 hours in 5% CO,/37 C, the absorbance was measured at

450 nm with a microplate reader (Perkin Elmer, Yokohama, Japan).

3.2.6 RT-PCR

The expression of angiogenic gene was characterized using real-time
Polymerase Chain reaction (RT-PCR). The samples were frozen in liquid nitrogen
followed by grinding in a mortar to make into powder. The RNAs were isolated using
RNA isolation kit (Nucleospin RNA, Germany) according to manufacturer’s
instruction. The RNA templates were then reverse-transcribed into cDNA with
primescript (Takara Bio, Otsu, Japan) at ratio of 4:1, respectively. The RT-PCR was
carried out using Thermal Cycler System (Takara Bio, Shiga, Japan). Each reaction
contained: PCR forward primer (1pL), PCR reverse primer (1uL), cDNA (2uL),
RNAse-free H>O (8.5uL) and SYBR green (Takara Bio, Otsu, Japan). The list of
primers was provided in Table 3.1. B-actin was used as housekeeping gene and the
expression of angiogenic marker (VEGF and VEGFR) was calculated using the AAC;

relative quantification method.
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Table 3.1 List of primers sequence.

Gene Primers Size
B-actin F TCCACCTTCCAGCAGATGTG 20
R GCATTTGCGGTGGACGAT 18
VEGF F GTGGACATCTTCCAGGAGTACC 22
(Vascular Endothelial R GAAACTCATCTCCCCTATGTGC 22
Growth Factor)
VEGFR F CCAGCAAAAGCAGGGAGTCTGT 22

(Vascular Endothelial R TGTCTGTGTCATCGGAGTGATATCC 25

Growth Factor-Receptor)

3.2.7 Mechanical Characterization
Tensile mechanical testing was performed by a universal testing machine

(Shimadzu, Kyoto, Japan) using the ring tensile method, as shown in Fig. 4.

dp::ln

1 As

Figure 3.4 Illustration of ring tensile test.

It consisted of two small metal rods inserted into the lumen of the tubular
specimen. One metal rod was then moved at a constant crosshead speed of 1 mm/min
until the sample failed. The displacement and the load were recorded through a PC
system. Using the displacement, As, the internal circumference, C, during deformation

was calculated using the following formula [88],

C =dpin (m+2) + 24s, Equation 3-1
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where dpi, is the diameter of metal rod. The strain was then evaluated as the ratio of

C with the initial internal circumference, Cini, using the following formula:

. C — Cinit Equation 3-2
Cinit
The circumferential stress, s, was also calculated using the following formula:
o= F Equation 3-3
2Lt

where F'is the applied load during testing and, L and ¢ are the length and thickness of
tubular specimen, respectively. The elastic modulus was calculated from the slope of

linier region of a stress—strain curve obtained from a ring tensile test.

The burst pressure, P, was also be able to estimate from the ring tensile tests
by assuming that P is a critical value corresponding to the maximum load, Fiux , at the
failure of the tubular specimen [88]. The relationship between P and the stress o is

expressed on the basis of the Laplace’s law equation:

Equation 3-4
ot = PRL

where R; is the internal radius of the tubular specimen. Then, substituting Equation
3-3 in Equation 3-4 with use of D = 2R; where D is the internal diameter one can

obtain:

Equation 3-5
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3.2.8 Statistical Analysis
Statistical significance was carried out using ANOVA with P <0.05

considered as statistically significant and Fischer’s LSD for mean comparison

(KaleidaGraph® 4.0).

33 Results

3.3.1 Porous microstructure of cylindrical scaffold
FE-SEM micrographs of PLCL cylindrical scaffold is shown in Figure 3.5. The
micrographs revealed that the size of pores on the external wall ranged between 22
and 600 um with the average of 178.5 um (Figure 3.5A and a). The cross-sectional
images showed the extension of the pore channels connecting each other, creating
continuous porous structures (Figure 3.5B and b). The internal wall also exhibited a
porous structure in which the pore size ranged between 10 and 100 um with the

average size of 28.8 pm (Figure 3.5C and c).
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Figure 3.5 FE-SEM micrographs of PLCL cylindrical scaffold. A,B,C and a,b,c

showed low magnification and high magnification images, respectively..

3.3.2 Morphology of Cell Spreading and Penetration
FE-SEM micrographs of a PLCL cylindrical scaffold with layered
monoculture cell sheets are shown in Figure 3.6. It was observed that the proliferated
cells and collagen fibrils creating a network structure covered the external wall of the
scaffold (Figure 3.6 A and a). Collagen fibrils and bundles with spherical cells were
also found in the elongated pore channels in the cross section images (Figure 3.6B and
b). Moreover, collagen networks were created actively on the internal wall of the

scaffold as shown in Figure 3.6 C and c.

58



15 pm

I— Internal wall —| I;-.-Cros; se)c;lon —l I— External \n.fall —|

100 pm 2 : o 2 15 pm

Figure 3.6 FE-SEM micrographs of PLCL tubular scaffold with monoculture cell
sheet at 7 days of culture. A,B,C and a,b,c showed low magnification and high

magnification images, respectively.
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FE-SEM micrographs of the scaffold with the co-culture cell sheet at 7 days of
culture are shown in Figure 3.7. On the external wall, a thick fascicle formation was
found to completely cover the surface, resulting unobservable pores as shown in
Figure 3.7A and a. Similar to the scaffold with the monoculture cell sheet, the collagen
bundles were also observed in the elongated pore channels along with the spherical
cells (Figure 3.7B and b). It was also seen in Figure 3.7C and (c) that cells actively
spread on the internal wall. This suggested that cells were able to penetrate into the
pores and further form a new layer on the luminal surface of the scaffold. Significant
difference on the cell morphology between the monoculture and the co-culture cell

sheets was not found from these FE-SEM micrographs.
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Figure 3.7. FE-SEM micrographs of PLCL tubular scaffold with co-culture cell
sheet at 7 days of culture. A,B,C and a,b,c showed low magnification and high

magnification images, respectively.
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3.3.3 Cell Proliferation

Figure 3.8 show the scaffold with the monoculture cell sheets (Figure 3.8a, b)
and with the co-culture cell sheets (Figure 3.8c, d), respectively. The intensity of
yellow color in the co-culture system was much higher than that of the monoculture
system, suggesting that the co-culture system contained more cells. At 7 days of
culture, the co-culture system was colored entirely in yellow, indicating that the co-
culture cell sheets completely covered the surface of the scaffold. Meanwhile, non-
uniform color was observed in the monoculture system, suggesting that it might take

more than 7 days to cover the entire surface.

I— 4 days in culture I I 7 days in culture _l

€)

With monoculture
cell sheet

With co-culture
cell sheet

Figure 3.8 Colorimetric assay of the tubular scaffold with monoculture cell sheet
and co-culture cell sheet. Light micrograph of tubular scaffold with monoculture
cell sheet (a,b) and with co-culture cell sheet (c,d) at 4 days (left panel) and 7 days

(right panel) in culture. Head arrows indicated the tubular scaffold.



The cell proliferation behavior in the both systems are shown in

Figure 3.9. It was obviously seen that cells in the co-culture system proliferated

higher than that in the monoculture system, clearly suggesting that such co-culture

environment enhanced proliferation of cells. Though cells proliferated aggressively in

the first week of culture, the number of cells after 7 days maintained constant in both

the systems. This behavior might be related to either over confluence or cell

differentiation.
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Figure 3.9 Cell proliferation within the tubular scaffold during in vitro course. Each

data was presented as mean + SD (n=3), * indicate p<0.05 versus the cell number at

respective day.
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3.3.4 Gene Expression
Figure 3.10 showed the gene expressions of some angiogenic markers,
including VEGF and VEGFR, in both the culture systems. The expression of VEGF
in the coculture system was higher than that in the monoculture
system, particularly at days 11 (Figure 3.10a).VEGFR expression, the
receptor of VEGF, was significantly enhanced in the co-culture system more than that

in the monoculture (Figure 3.10b).
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Figure 3.10 Gene expression of vascular endothelial growth factor (a) and its
receptor (b) within the tubular scaffold. Each data was presented as mean + SD

(n=3), * indicate p<0.05 versus the cell number at the respective day.
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3.3.5 Mechanical Characterization

The results of the ring tensile tests are shown in Figure 3.11a—c. The estimated
burst pressure values are also shown in Figure 3.11d. All the stress—strain curves
exhibited nonlinear deformation behavior mainly caused by the micro-porous
structure of the scaffold. It was apparent that the modulus and strength of the scaffold
only tended to decrease with days of culture, while those properties of the culture
systems tended to be recovered at 11 days of culture as an effect of cell proliferation.
The burst pressure also exhibited the same tendency with the modulus and strength.
All of the estimated burst pressure values were greater than 120 mmHg that is almost

equivalent to the normal blood pressure of human being.
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Figure 3.11 (a) Stress-strain curve at 11 day culture, (b) Comparison of average

elastic modulus, (¢) Comparison of average circumferential tensile strength, and (d)
Comparison of estimated burst pressure. Each data was presented as mean + SD

(n=3).

34 Discussions

In the present study, we developed a tubular hybrid polymer-cell structure by
combining the cell sheet and cylindrical scaffold technologies. To encourage cell
migration and growth, the scaffold should be porous and interconnected with
appropriate pore diameter greater than 10 um [89,90]. The inability of cells to

infiltrate into scaffolds due to limited pore size has been a major drawback in most of
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vascular scaffolds [91-93]. The pore diameter of the porous scaffold developed in
this study had an average pore diameter of 21 um which was enough size for cell
migration. Furthermore, it should be worth noted that the cells proliferated from the
cell sheets could migrate into the pores and further formed a new layer on the
luminal area of the scaffold as shown in Figure 3.6 and Figure 3.7 within a week
after the cell sheet layering. Thus, this combining technique in which cell sheets
placed on the surface of interconnected porous scaffold enabled the cells to grow and
form a three dimensional biological structure. A large number of cells are required
for creating engineered vascular tissues. An enhanced proliferation rate may shorten
in vitro maturation period and further will accelerate new tissue regeneration after
implantation. The present study exhibited that the cell number in the co-culture

system increased higher than the monoculture system as shown in

Figure 3.9. Bidarra et al. [85] demonstrated that ECs stimulated the
proliferation of HMSC via direct contact between the two cell types. They cultured
HMSC and ECs in a well dish and monitored the number of each cell type using a flow
cytometry after separating through magnetic separation. It was found that the number
of HMSC in the co-culture increased rapidly throughout 21 days while the number of
HMSC in the monoculture increased only in first 2 weeks of culture. Meanwhile, it
was reported that HMSC proliferation was also enhanced via indirect co-culture with
ECs [94]. The experiment was performed by cultivating ECs in a cell culture insert
with pore size 1 um to prevent direct heterotypic cell contact. These findings suggest
that such stimulative effect of ECs on HMSC proliferation is not only contributed by
heterotypic cell contact but also mediated by soluble-paracrine factors secreted by ECs.
Moreover, Steiner et al. [94] revealed an anti-apoptotic effect on HMSC when co-

cultivated with ECs. They performed BAD phosphorylation ELISAs to investigate if
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ECs exerted their effect on HMSC apoptosis by modulating phosphorylation of BAD.
It showed that ECs induced a significantly different amount of BAD phosphorylation

in direct co-culture, suggesting that ECs was able to reduce apoptosis of HMSC.

It is well known that ECs stimulate the osteogenic differentiation of HMSC
[75,95,96]. The present study also revealed that ECs had ability to induce angiogenic
differentiation of HMSC via direct co-culture. Angiogenesis is a vital process in the
development of new blood vessels. The expression was induced by growth factor such
as VEGF [56,75]. At the first week of culture, cells in both of the culture systems
experienced highly proliferation rate but the expressions of VEGF and VEGFR were
relatively low as shown in Figure 3.10. At 11 days of culture, the cell number in both
the culture systems remained almost same with that of 7 days. As we hypothesized
that cells may started to differentiate after the first week passed, significant increases
of both VEGF and VEGFR expressions were found in both the systems, suggesting
that angiogenesis occurred. It should be underlined that both the culture systems used
EGM-2 which contained VEGF. This factor might stimulate the angiogenesis in the
monoculture system and further double the effect in the co-culture system since ECs
also secret VEGF. Our finding was in accordance with Li and Wang [75] which
showed that co-cultured cells expressed more angiogenic marker than mono-cultured

cells.

Taking together, this study demonstrated that the layering co-cultured cell
sheets on the cylindrical scaffold had benefits not only to promote high proliferation
rate but also provide favorable environment for angiogenesis. This hybrid system
might be crucial in development of engineered cardiovascular tissues since absent of

endothelium on the luminal of prosthetic grafts could result in thrombosis and intimal
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hyperplasia leading to graft failure. It is worth noting that real cardiovascular tissues
have more complicated layered structures with higher mechanical properties than the
simple dual layered system developed in this study; for example, a fibrous polymeric
layer can be added to the outer surface as a reinforcement to improve its mechanical
properties. Further studies are needed to apply this concept of hybrid system to the

development of engineered cardiovascular tissues that can be clinically applicable.

3.5 Conclusions

In this study, a hybrid tubular structure was developed by layering HMSC/ECs
cell sheets on a porous cylindrical PLCL scaffold. Cells from the cell sheets were able
to infiltrate through the porous structure of the cylindrical scaffold and further
proliferate on the luminal wall within a week of culture. Moreover, the co-culture cell
sheet within the scaffold demonstrated a faster proliferation rate than the monoculture
cell sheet. The gene expression of angiogenic differentiation in the hybrid system with
the co-culture cell sheet was expressed in relatively large amount as compared to that
with the monoculture cell sheet. This technique would activate the cellularization of
engineered vascular tissues in a relatively short period with exhibiting a large amount

of angiogenic properties.
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CHAPTER 4 : IMPROVEMENT OF MECHANICAL

CHARACTERISTIC OF PLCL SCAFFOLD

4.1 Overview

In Chapter 2 and 3, the development of hybrid grafts by combining PLCL
scaffold and cell sheet prepared from either MSCs or MSCs/ECs have been
demonstrated. It should be noted that the tensile strength of the fabricated scaffold is
in the range of 200 kPa to 400 kPa with the estimated burst pressure of around 150
mmHg. In fact, the ultimate tensile strength of the human arterial tissue is in the range
of 780 kPa to 1370 kPa [97] and burst pressure of >1700 mmHg (equal of saphenous
vein) [1]. Thus, the fabricated scaffolds may be not sufficient to withstand the

physiological pressure of blood flow when implanted into human body.

To improve the mechanical properties of PLCL scaffold, the three approaches
were employed in this study. The first approach is by developing multiple layers of
PLCL scaffold in order to reinforce the mechanical strength. Single layer of PLCL
scaffold was further subjected to the phase separation and freeze drying method to
create the double and the triple layer scaffolds. The mechanical tensile test were
conducted to study the effect of reinforcement of the double and triple layers scaffolds.
In the second approach, porous PCL/PLCL polymer blends were developed. By
blending these two polymers, the mechanical properties can be controlled. Phase-

separation and freeze-drying method were still utilized in this approach. The
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mechanical properties as well the microstructure behavior were characterized. The
third approach employed the melt spinning method [98] to fabricate PLCL tubular
scaffold. One of the main advantages of this technique is that commercially available
cotton-candy machines may be directly used to fabricate scaffolds for medical
applications. In the cotton-candy machines, melted polymer is centrifugally forced
through a small hole to make fibers. The aim of using cotton candy machine is to
produce fibrous PLCL cylindrical scaffolds in a simple cost-effective way and free
from toxic solvent. To the best of our knowledge, few attempts have been made to
fabricate fibrous cylindrical scaffolds using the melt-spinning method. As the
fundamental properties, tensile mechanical properties and cellular activities were
examined. Furthermore, the fabricated microfibrous cylindrical scaffold was
compared with the microporous cylindrical scaffold previously developed using the

phase-separation and freeze-drying method.

4.2 Materials and Methods

4.2.1 Scaffold Fabrication
4.2.1.a Multiple Layers of PLCL Scaffold

The cylindrical scaffold was fabricated using solid-liquid phase separation
with freeze drying method, as described previously in Chapter 2. In brief, a Teflon rod
prepared at -80°C, was immersed quickly in PLCL (75/25) (Gunze Ltd., Japan)
solution 6 % (w/v in dioxane). Then, the specimen was dried under freeze-drying
vacuum for 24 hours. The above procedure was repeated to get double and triple layers
of cylindrical scaffold. The fabricated scaffold was stored in a dehumidifier chamber

before further use.
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4.2.1.b PLCL/PCL Blends Scaffold

PCL and PLCL granule with various weight ratio (100:0, 75:25, 50:50, 25:75,
0:100) were dissolved in dioxane (Kishida Chemical, Osaka, Japan) with final
concentration of 6% (w/v). A Teflon rod of 10 mm in diameter prepared at -80°C was
vertically dipped into the blending solution and pulled out at a constant rate of 100
mm/min. The blends solution was varied in temperature before the dipping process
from 20 °C, 30 °C, 40 °C, 50 °C to 60°C. After frozen again into -80° C for 2 hours,
it was dried into a freeze drying machine (Tokyo Rikakikai, Tokyo, Japan) at -50°C
for 24 hours. Finally, the fabricated graft was pulled out from the Teflon rod and stored

in a dehumidifier chamber before further use.

4.2.1.c Melt Spinning of PLCL Scaffold

The microfibrous cylindrical scaffold was fabricated from PLCL (75/25)
(Gunze Itd., Kyoto) using a cotton candy machine (EA-WA2805, EAST). Two gram
of PLCL granules were put into the spinning head of cotton candy machine. The
spinning speed is 1800 rpm. After 3 minutes and the temperature reached 180 °C, the
PLCL fibers (Tm 163°C) started to form. The fibers were immediately collected on
Teflon rod (¢ 5 mm) and dried for one night. The fabrication illustration was shown

in Figure 4.1a.

73



r 4
ttt 1t

heating @@ heating

~ -

Figure 4.1 (a) Fabrication process of microfibrous scaffold using cotton candy

machine. (b) Photograph of the fabricated scaffold.

4.2.2 Infrared Spectroscopy (IR)
Infrared spectroscopy (FTIR) (JASCO 4200, Japan) was performed to confirm

chemical structure of blending polymer using FTIR.

4.2.3 Differential Scanning Calorimeter (DSC)

Thermal analysis including melting point (Twm) and glass transition temperature
(Tg) were measured by a DSC (Shimadzu, Japan). 2.5 mg sample was used and put
into an aluminum sample pan. The sample was heated from room temperature to

230°C at a rate of 10°C/min. The temperature and DSC curve was recorded.

4.2.4 Morphology
4.2.4.a Thickness and Microstructure Characterization

The thickness of scaffold was measured by Image J software [99] using
representative images from SEM observation. The sample was sputter-coated with Pt-
Pd by anion sputter coater (Hitachi, Japan). The microstructure was observed using

Field Emission-Scaning Electron Microscopy (FE-SEM) (Hitachi, Japan). The
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resulted SEM images were also used to measure pore size of sample using Image J

(NTH).

4.2.4.b Porosity

The porosity was calculated using a direct method described by [100]. The
scaffold samples were cut into 100 mm? and the weight at dry condition was measured
accurately (W1). Then, the samples was impregnated in ethanol for 1 hour. The
impregnated samples were removed from ethanol and the excess liquid was wiped
with tissues, then weighed again (W2). Pore volume (Vp) was calculated using the

following formula:

W, - W

Dethanol Equation 4-1

Pethanol 1S 0.97 g/ml. The porosity was calculated using the following formula:

- Vm
Porosity (%) = (1 — Vt)xloo Equation 4-2

where Vm is the scaffold volume and calculated by Vm = Vt-Vp.

4.2.5 Mechanical Characterization
The mechanical characterization was performed by universal testing machine

(Shimadzu, Japan) using a ring tensile technique, as described in 3.2.7.

4.2.6 Cell Study
Human mesenchymal stem cells (hMSCs) (Riken BRC, Japan) were seeded
into the microfibrous and microporous scaffolds, respectively, with cell density of

12000 cells/cm?®. They were then cultured for 7 days with cell growth medium
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containing MEM-a, 10% Fetal bovine serum and 1% penicillin streptomycin at 37 °C
/ 5% CO.. The number of viable cells was monitored using a cell counting kit (Dojindo,
Japan). The cell morphology was observed using FE-SEM and analyzed using Image-
J. Statistical analysis was performed using ANOVA with Fischer’s LSD post hoc test.

Each data represented as mean + SD and P < 0.05.

4.3 Results

4.3.1 Properties of Multiple layers of PLCL Scaffold
4.3.1.a Morphology

Figure 4.2 showed microstructural behavior of outer wall of each scaffold. A
typical pores structure was evidently observed on the three layered-scaffolds. These
pores was created due to phase separation between polymer-rich phase and solvent.
During freeze-drying, the polymer-rich phase solidified to form strut and the solvent
evaporated creating pores structure. On the single layer scaffold, the average pore area
was 219 pm?. Larger pore area was observed on the double and triple layer scaffolds,
744 um? and 684 um?, respectively. It was obvious that pores morphology on the
double and triple layers were less often, compared to that on the single layer scaffold.
On the inner wall (Figure 4.3), smaller pore size was observed compared to that on the
outer wall. However, a less often pores were also observed on the double and triple
layer scaffold, compared to that on single layer scaffold. SEM images of cross section
wall were showed in Figure 4.4. The thickness of the single layer scaffold is around
583 um. It was expected that the thickness increased as the number of layer increased.
However, the double and triple layers did not exhibit an increased thickness
significantly from the single layer scaffold. In fact, as the number of layer increased,

the density also increased, while the porosity decreased. The single layer scaffold
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showed oriented microtubular architecture that connecting each other, but it was then
compacted as the next layers was introduced, observed on the double and triple layers

scaffolds. The inter-layer boundary was clearly visible on the double and triple layer

scaffold.

Single Layer Double Layer Triple Layer

External Wall

Figure 4.2 SEM images of the outer wall of single, double and triple layer scaffold.

Single Layer Double Layer Triple Layer

Internal Wall

Figure 4.3 SEM images of the inner wall of single, double and triple layer scaffold.
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Figure 4.4 SEM images of the cross section of single, double and triple layer

scaffold.

Table 4.1 Physical and Pore Morphology of the Layered Cylindrical Scaffold

Mean pore Thickness

Scaffold Type area (um?) (um) Density (g/ml) Porosity (%)
Single layer 219 583 0.201 £ 0.008 92.8 +3.79
Double layer 744 635 0.228 £0.011 68.9 +3.32
Triple layer 684 675 0.305 +0.012 64.9 = 1.66

4.3.1.b Mechanical Properties

The typical stress-strain curve was shown in Figure 4.5a. It was found that the

cylindrical scaffold exhibited steeper stress-strain curve as the number of layer

increased. Figure 4.5b showed the elastic moduli of the multiple layers of cylindrical

scaffolds. The elastic moduli were measured from the slope of linier region of stress-

strain curve. The elastic moduli ranged between 0.93 MPa to 16.7 MPa. The single

layer scaffold exhibited the lowest elastic modulus and the value significantly

increased with increasing number of layer. The circumferential tensile strength was
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shown in Figure 4.5c. The tensile strength was in the range between 0.2 MPa to 1.4

MPa and increased with the increased number of layer. However, the failure strain

only increased from single to double layer and did not differ from the double to triple

layers of scaffolds.
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Figure 4.5 Mechanical properties of the multiple layers cylindrical scaffolds. A)

Representative of stress-strain curve. B) Elastic moduli. C) Circumferential tensile

strength.
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The estimated burst pressure is shown in Figure 4.6. The estimated burst
pressure ranged between 106 mmHg to 600 mmHg and increased as number of layer
increased. It is important to design vascular graft that can withstand blood pressure
more than 120 mmHg. In this work, the double and triple layer with burst pressure of
350 and 600, respectively. Thus, they were more appropriate to be used as vascular

scaffold than the single layer scaffold.

700

600
500
300
200

100

Estimated Burst Pressure (mmHg)

Single layer Double layer Triple layer

Figure 4.6 Estimated burst pressure of layered cylindrical scaffold.
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4.3.2 Properties of PLCL/PCL Blends Scaffold
4.3.2.a Characterization

The infrared spectra of scaffold from PCL/PLCL blends with various weight
ratio were shown in Figure 4.8. Pure PCL (PCL/PLCL 100:0) has peak absorptions at
1722 cm™ corresponding to the C=O stretching vibration and at 2994 cm™ due to
stretching vibration of C-H bond (Figure 4.7a). As the addition of PLCL (PLCL25),
the peak intensity at 2994 cm™' absorption decreased because PLCL has less C-H bond
compared to PCL whose longer methylene (CHz) chain. Moreover, new peak at 1756
cm! was appeared PLCL25 due to stretching vibration of C=0O from PLCL (Figure
4.7b). As the concentration of PLCL increased, the intensity of this peak became
stronger, on the contrary, the peak intensity at 1722 cm™ decreased. Pure PLCL did
not show an absorption at 1722 cm™'. The infrared spectra confirmed that PCL and

PLCL were homogenously blended.

A) 0 B) 0
| O 0
; CH, 0
X y

Poly-e-caprolactone (PCL) Poly(lactide-co-caprolactone) (PLCL)

Figure 4.7 Chemical Structure of a) PCL and b) PLCL.
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Figure 4.8 Infrared spectra of PCL/PLCL blends scaffolds with various ratio.

Figure 4.9 showed DSC thermograms of PCL/PLCL blends scaffolds at
various ratio. DSC spectrum of neat PLCL characterized by endothermic melting peak

of caprolactone at 53° C, followed by glass transition temperature of lactic acid at
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around 65°C, an exothermic crystalline peak of lactic acid at 80°C which is appeared
as a shoulder, and endothermic melting peak of lactic acid at 162°C. PLCL/PCL
blends exhibited sharper endothermic peak at 59-60°C as the content of PCL increased,
which indicated as a melting point of PCL. Also, peak at 162.34° C decreased steadily
as the content of PLCL decreased. Neat PCL exhibited only one endothermic melting

peak at 60°C.
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Figure 4.9 DSC thermograms of PCL/PLCL blends scaffolds.
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4.3.2.b Microstructural Behaviour

Figure 4.10 showed the microstructural behaviour of PCL/PLCL scaffolds at
various ratio. All the scaffold exhibited porous structures which oriented
perpendicular to the surface. Pure PCL (Figure 4.10a) showed more fibrous struts
compared to the pure PLCL. This is because of the rubbery properties of PCL. The
fibrous struts were gradually disappeared as the PLCL content increased (Figure 4.10b,
¢, d and e). The pore diameters were tend to increase as the PLCL content increased,
although there is no statistical difference of pore area with one another (Figure 4.10f).
In contrast, the wall thickness of the tubular scaffolds decreased as the PLCL content

increased (Figure 4.10g).
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Figure 4.10 Macro- and microstructure of the tubular scaffolds from PCL/PLCL

blends with various weight ratio. a) PCL, b) PLCL25, ¢) PLCL50, d)PLCL75, e)

PLCL. f) Plot of pore area and g) the wall thickness of the tubular scaffolds as

function of PLCL weight ratio.
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Figure 4.11 showed surface morphology of PCL, PCL/PLCL blends and PLCL.
Rough surfaces were found on PLCL 75, PLCL 50 and PLCL 25, indicated a phase
separation between the two polymers. Meanwhile, neat PLCL and neat PCL exhibited

smoother surface than the PCL/PLCL blends scaffolds.

PLCL

Figure 4.11 Surface morphology of neat PCL, PCL/PLCL blends and neat PLCL.

4.3.2.c Mechanical Properties

To evaluate the effect of blending to the mechanical properties, tensile tests
were performed. Figure 4.12a showed a typical stress-strain curve of the blends
scaffolds at various ratio. As shown in Figure 4.12 b, ¢, and d, PLCL has the highest
tensile strength, failure strain and elastic modulus. PCL has an average tensile strength
of 171.8 kPa. The tensile strength was suddenly decreased to 88.1 kPa when the PLCL
content was added to 25% (PLCL25). This may be due to a phase separation between
polymer coils of PCL and PLCL when the blends polymer were frozen suddenly to -

80°C, as observed in Figure 4.11. This phase separation affected not only to the
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mechanical properties but also to the physical properties. The resulted PLCL 25

scaffold had a cracked site on it and was easily to be torn.

However, the tensile strength was recovered as the PLCL content increased.

The same behaviour was found at the failure strain. The elastic modulus increased as

the PLCL content increased. Pure PCL has the lowest elastic modulus as predicted

while the PLCL has the highest elastic modulus as the result of crystallisable hard and

brittle properties from lactic acid monomer.
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Figure 4.12 Mechanical properties of PCL/PLCL blends. a) Stress-strain curve. b)

Circumferential Tensile Strength. ¢) Failure Strain. d) Elastic Modulus. Each data

represented as mean £+ SD (n=4).

It is important that the designated blood vessel has a rebound elasticity. To

determine the optimum blending ratio, the rebound elasticity of the scaffolds were
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performed. As shown in Figure 4.13, PCL/PLCL (25:75) was squeezed but it was able
to rebound to its original shape. While pure PLCL failed to rebound to its luminal

shape.

before squeezing after

PCL/PLCL
25:75

PCL/PLCL
0:100

Figure 4.13 Photos of the rebound properties of scaffolds with PCL/PLCL ratio of

25:75 and 0:100 before and after deformed with tweezer.

4.3.2.d Effect of Blending Solution’s temperature before dipping

The tubular scaffold with blending ratio of PCL/PLCL 25:75 was found to be
the optimum blending ratio in term of elastic modulus and rebound properties.
However, the tensile strength was only 147.7 kPa, which is lower than that of PCL
tubular scaffold (171.8 kPa). To increase the tensile strength, the polymer solution of
PCL/PLCL (25:75) was varied from 20° C to 60°C before the dipping process. Heating
the blending solution was meant to improve the solubility of PCL and PLCL in the
solution. Figure 4.14 showed that the increase of temperature decreased the thickness

of the resulted tubular scaffold.
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Figure 4.14 Thickness of PLCL 75 blends scaffolds depending on temperature of

blending solution from 20°C to 60°C.

In contrast, the mechanical properties including tensile strengths and elastic
moduli improved as the temperature increased, as shown in Figure 4.15 . Meanwhile,
the strain reached optimum value at temperature of 50°C, and decreased at 60°C due

to thickness limitation.
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Figure 4.15 Mechanical properties of PCL/PLCL blends scaffolds. A)

Representatives of stress-strain curve. B) Tensile strengths. C) Elastic moduli. D)
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Figure 4.16 showed the morphology of the phase separation between PCL and

PLCL made by solvent casting. At 20°C, PCL created small islands with diameter

ranged between 116 pm to 368 um in the main domain of PLCL. As the temperature

increased to 50°C, the diameter of PCL phase became smaller ranged between 12 um

to 35 um. Larger PCL phase may induce the more severe stress concentration in wider

region than the smaller phase. Therefore it may reduce the mechanical strength of the

cylindrical scaffold prepared from a lower temperature of the polymer blends solution.
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Figure 4.16 Morphology of phase separation of PCL/PLCL (25:75) at 20°C and

50°C made by solution casting.

4.3.2.e Cell Study

To evaluate the biocompatibility of PLCL scaffold, the endothelial cells (ECs)
were seeded on PCL/PLCL blend scaffolds. Cells increasingly proliferated in all type
scaffolds during 4 and 7 days of culture (Figure 4.17). However, it was evident that
cells on neat PCL scaffold proliferated less significant than those on the blending and
neat PLCL scaffolds. No significant different was found among PLCL 25, PLCL 50,
PLCL 75 and neat PLCL at 4 and 7 days of proliferation. These results indicated that

PCL/PLCL blends scaffold is more favorable for cell growing than neat PCL.
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Figure 4.17 Cell proliferation of PCL/PLCL blends scaffold at 4 and 7 days of

culture. (TCPS, Tissue Culture Poly Styrene dish).

4.3.3 Properties of melt-spun PLCL Scaffold
4.3.3.a Microstructural behavior

A cylindrical scaffold with thickness of 0.5 mm and the density of 0.37 g/cm?
could be fabricated from two gram of PLCL (Figure 4.1b). The fibers were randomly
oriented and overlapped each other three-dimensionally to form a fiber mesh with high
porosity and large surface area, suitable for cell binding and spreading, as shown in
Figure 4.18. In the internal wall, the diameter of fibers ranged from 2.0 um to 17.0
um (Figure 4.19). On the other hand, the fiber diameter ranged from 1.0 pym to 5.0 um
in the external wall. Viscosity of the melted polymer is considered to be one of the key

factors that affect the fiber diameter and in general, the lower viscosity results in the
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higher diameter. The increased temperature likely caused less viscosity of the melted

polymer, therefore, the diameter decreased during fabrication process.

Internal wall External wall Cross section
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Figure 4.18 SEM images of the microstructure of the microfibrous cylindrical

scaffold.
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Figure 4.19 Distribution of fibers diameter of the microfibrous cylindrical scaffold.
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4.3.3.b Mechanical Properties

The mechanical properties of the microfibrous cylindrical scaffold was
evaluated in comparison with the microporous cylindrical scaffold that was previously
fabricated in Chapter 2. The results of the mechanical tests are shown in Figure 4.20.
The microfibrous scaffold demonstrated steeper stress-strain curve with higher stress
and larger strain compared to the microporous scaffold (Figure 4.20a). The elastic
modulus (Figure 4.20b) and the circumferential tensile strength (Figure 4.20c) of the
microfibrous scaffold were approximately 1.5 times higher than those of the
microporous scaffold. These results clearly demonstrated that the microfibrous
structure resulted in the greater tensile mechanical properties than the microporous

structure constructed with strut structures.
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Figure 4.20 (a) Typical stress-strain curve measured using ring tensile test, (b)
Elastic moduli, and (c) circumferential tensile strength. Each data represent as

mean £ SD (n=3), * indicates P < 0.05.

4.3.3.c Cell Study

Cell study was conducted to evaluate the effects of surface topography of the
scaffold to the cell response. Cell adhesion and proliferation on both of the
microfibrous scaffold and the microporous scaffold were evaluated. The initial cellular
responses to the microfibrous and microporous scaffolds at 3 hours of culture are

shown in Figure 4.21. Cells on the microfibrous scaffold were flattened, stretched and
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intimately adhered to the fibers. Meanwhile, cells tended to become round shape and
less flattened on the microporous scaffold. Furthermore, unlike on the microporous

scaffold, cells on the microfibrous scaffold have developed filopodia.

Microporous scaffold Microfibrous scaffold

Figure 4.21 SEM images of cell attachment on microfibrous and microporous

scaffold at 3 hours culture (cell, red arrow).

Cells further grew on both the scaffolds, after 24 hours cell culture. At this
time, no distinctive cell features were observed on both the scaffolds (Figure 4.22).
Cell morphology including cell area and aspect ratio was then evaluated quantitatively.
Cells on the microfibrous scaffold had significantly larger cell area and aspect ratio

than those on the microporous scaffold (Figure 4.23). Cells proliferation on the
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microfibrous scaffold was significantly higher than that on the microporous scaffold,

at 4 and 7 days cell culture (Figure 4.24).

Microporous scaffold Microfibrous scaffold

A

G aV F W Low mag. B

10 pm

Figure 4.22 SEM images of cell attachment on the microfibrous and microporous

scaffolds 24 hours culture.
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Data are represented as mean = SD, n=6, * indicates P < 0.05.
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4.4 Discussion

In this study, several attempts have been studied in order to improve the
mechanical properties and controlling the porous structure of the PLCL cylindrical
scaffold. In the first approach, multiple layers of cylindrical scaffold has been
developed. At the double layer scaffold, the tensile strength increased 5 folds higher
from the single layer scaffold, as shown in Figure 4.25. The highest tensile strength
was achieved at 1400 kPa at the triple layers scaffold. The double and the triple layers
scaffolds may seem as promising candidates for vascular tissue engineering because
their tensile strength is in the range of the human arterial tissue. However, the porosity
of the double and triple layers scaffolds decreased to 64-68% due to the increase in
the material density (Table 4.1). Lack of porosity will seriously limit cells to grow into

a three-dimensional scaffold [26].

100



Tensile strength (kPa)

Figure 4.25 Comparison of tensile strength resulted in this study.

In the second approach, the cylindrical scaffolds from blending polymer of
PLCL and PCL were prepared. It was found that PLCL75 is the optimum blending
ratio due to good rebound property. However, the blending slightly decreased the
mechanical strength to 147 kPa (Figure 4.25) due to the phase separation between the
two polymers. The increase temperature of the blending solution before the phase
separation clearly recovered the mechanical strength to around 350 kPa. Cell study
also confirmed that PCL/PLCL blending showed a better cell response than neat PCL.

This may relate with chemical structure of PCL, which contains longer alkyl chain
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than PLCL, resulting more hydrophobic surface than PLCL. Hydrophilicity is often
associated with cell attachment and proliferation [101]. The more hydrophilic of the
surface, the better the cell attachment and proliferation. Therefore, PCL/PLCL blends

and neat PLCL exhibited better cell proliferation than neat PCL.

The next approach involved the use of commercially available cotton candy to
fabricate the microfibrous cylindrical scaffold. Since this machine is not particularly
designed for research, the control parameters such as heat temperature and spinning
head speed could not be modified. So far, this was only applicable for PLCL whose
low glass transition temperature (Tg) of 16 °C and melting point (Tm) 164 °C. Using
the same technique, other researcher was also able to produce microfibers from
relatively low glass temperature polymers such as poly-lactide-co-glycolide
(PLGA)[102]. A relatively high Tg polymer like polystyrene (PS) was also
processable but with assisted solvent. It was also reported that the molecular weight
of polymer also affected to the optimal fiber production [103]. We observed that a few
times after the fibers extruded from the nozzle, the size became smaller and more
uniform since the increasing temperature is likely causing the melted polymer became
less viscous, thus the diameter decreased. For future plan, the effect of temperature
and rotating speed will be further studied. Compared to the microporous scaffold
fabricated by phase separation method, the microfibrous scaffold showed an improved
mechanical strength, approximately 1.5 folds higher than microporous scaffold (single
layer scaffold) (Figure 4.25). In the microfibrous scaffolds, fibers were randomly
oriented and overlapped each other three-dimensionally which then mechanically
interlocked to form a strong structure like a mesh. While in the microporous scaffold,
the strength of material comes from struts and the pores act as voids that can reduce

the material strength. However, the microfibrous cylindrical scaffold is still
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approximately 4 folds lower than the tensile strength of native vein [104]. Figure 4.25
summarized the tensile strength of the fabricated cylindrical scaffold in this study, as

compared to native vein [104].

One more parameter that is not less important is scaffold topography[105].
Sensitivity of cells to the surrounding physical feature was responded in the different
cytosckeletal rearrangement. Studies of physical feature effects to cell response have
been widely explored including roughness, micropattern, micropores, and fibers
diameters[ 106]. Native blood vessel is contained abundant extracellular matrix (ECM)
which majorly composed of fibrous collagen. Microfiber scaffold is therefore more
beneficial to mimic the native feature of ECM over the microporous scaffold.
Microfiber structure had relatively large surface area that provide more anchorage for
cells binding. Our results confirmed that the microfibrous topography showed better
cell morphology including cell area, perimeter and aspect ratio compared to the
microporous scaffold. After 24 hours of culture, we found better cell proliferation on
the microfiber scaffold than those on the microporous scaffold. This may relates to the
different cell morphology during cell attachment. Eventually, better cell attachment in
term of cytoskeletal arrangement would lead to the strong cell adhesion increase cell
spreading, as similar results obtained by other researchers which reported that larger

cell area and aspect ratio improved cell proliferation [101].

4.5 Conclusions

In this last chapter, approaches as mean to improve the mechanical strength of

the PLCL scaffold have been discussed. The conclusions are obtained as follows:
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. In the first approach, developing the PLCL scaffold into double and triple
layers improved the mechanical properties, approximately 400% and 600%,
respectively, from the single layer scaffold.

. In the second approach, polymer blends PCL/PLCL 25:75 decreased the
mechanical strength to around 26%, however was able recovered and
increased the strength to around 75% by increasing the temperature of the
blending solution before phase separation process.

. In the third approach, melt spinning method successfully developed the
microfibrous PLCL scaffold by utilizing the cotton candy machine. This
method significantly improved the mechanical strength, approximately
150% from the microporous scaffold (single layer). The initial cell study
using hMSCs also suggested that the microfibrous scaffold provided more
favorable environment for cells growth than the microporous cylindrical

scaffold evidenced from better cell morphology and higher proliferation.
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CHAPTER 5 : GENERAL CONCLUSIONS

In this dissertation, the hybrid cardiovascular constructs were successfully
developed by combining PLCL scaffold and cell sheet and several attempts to improve
the mechanical properties have also been investigated. The conclusions are

summarized as follows:

1. In Chapter 2, the hybrid engineered-patch was developed by layering PLCL
sheet with MSCs sheet. MSCs sheet was able to survive (even in high cell
density) and actively proliferated on porous PLCL sheet, suggesting that a
porous structure is important in transporting nutrient and oxygen supply
while removing metabolic waste. MSC sheet was also able to infiltrate
through porous structure and form new layer on the opposite side of PLCL
sheet. The combined techniques between scaffold tissue engineering and cell
sheet engineering is a promising strategy to develop a fully cellularized-
cardiovascular graft in relatively short time.

2. In chapter 3, the hybrid tubular construct was developed by layering
MSCs/ECs cell sheets on a porous cylindrical PLCL scaffold. The co-culture
cell sheet within the scaffold demonstrated an enhanced proliferation and
angiogenic differentiation compared to the monoculture sheet. Cells also

infiltrates and spread to the luminal surface of the cylindrical scaffold. This
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technique provides a simply technique to create the preformed-endothelial
layer in vitro, mimicking the intima layer of native blood vessel.

In Chapter 4, several attempts to improve the mechanical properties of PLCL
scaffold have been demonstrated. In term of mechanical properties, the triple
layers scaffold is a potential candidate for vascular graft due to sufficient
mechanical strength closed to the native blood vessels. But, the microfibrous
scaffold fabricated by melt spinning method may provide more favorable
environment for cell growing. Furthermore, the simplicity of melt spinning
method provides an opportunity for scale-up in a simple and cost-effective

way.
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Artery

Dilatation

Hyperplasia

Ischemic

Stenosis

Thrombosis

(thrombus formation)

Vein

GLOSSARY

Blood vessels carrying oxygenated blood away from

heart to the tissues, except for pulmonary arteries.

An abnormal enlargement of blood vessels

Enlargement of an organ or tissue caused by an increase
in the reproduction rate of its cells, often as an initial

stage in the development of cancer

A restriction in blood supply to tissues, causing a
shortage of oxygen that is needed for -cellular

metabolism

An abnormal narrowing of blood vessel

Formation of a blood clot inside a blood vessel

Blood vessels carrying deoxygenated blood toward the

heart.
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