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ช่ือวทิยานิพนธ์  การใชโ้ครงร่างโพลีคาโปรแลคโตน-ไคโตซานร่วมกบัเซลลส์ร้างกระดูก
เพื่อรักษารอยวกิารของกะโหลกศีรษะ 

ช่ือผู้เขียน วเิวก  มานตาลา 
สาขาวชิา ศลัยศาสตร์ช่องปากและแมกซิลโลเฟเชียล 
ปีการศึกษา 2556 
 

บทคัดย่อ 
 

  การศึกษาน้ีเป็นการประเมินความสามารถในการสร้างกระดูกใหม่ในรอยวิการ
กะโหลกศีรษะกระต่าย ภายหลงัจากใส่โครงร่างสามมิติท่ีมีส่วนผสมของโพลีคาร์โปรแลกโตนและ                  
ไคโตซานในอตัราส่วน 80 ต่อ 20 ซ่ึงผลิตโดยวิธีเมลท์สเตรทช่ิงและมลัติแลยเ์ดพโพซิชนั ร่วมกบั
เซลลไ์ขกระดูกสตรอมาอตัมนัจากไขกระดูกของกระต่าย 
  การทดลองใชก้ระต่ายนิวซีแลนดไ์วทจ์ านวน 15 ตวั ท าการผา่ตดัน าไขกระดูกจาก
กระดูกเชิงกรานของแต่ละตวัมาคดัแยกเซลล์ไขกระดูกสตรอมาในห้องปฏิบติัการ ท าการเพาะเล้ียง
เพื่อเพิ่มปริมาณและกระตุน้ใหเ้จริญเป็นเซลลส์ร้างกระดูก จากนั้นใส่เซลลข์องสัตวท์ดลองแต่ละตวั
จ านวน 1.5 x 107 เซลล์ ลงแยกเล้ียงในโครงร่างดงักล่าว (กลุ่มทดลอง เอ) ท าการผา่ตดัสร้างรอย
วิการขนาดเส้นผ่านศูนย์กลาง 11 มิลลิเมตรบนกะโหลกศีรษะของกระต่ายแต่ละตวัจ านวน 2 
ต าแหน่ง จากนั้นสุ่มใส่โครงร่างกลุ่มทดลอง เอ 1 ต าแหน่ง และใส่โครงร่างเพียงอยา่งเดียว (กลุ่ม
ทดลอง บี) 1 ต าแหน่ง ท่ีช่วงเวลาการศึกษาท่ี 2, 4 และ 8 สัปดาห์หลงัการผา่ตดั น ากระดูกกะโหลก
ของสัตวท์ดลองมาวดัปริมาณการสร้างกระดูกและหลอดเลือดใหม่ในรอยวิการ รวมถึงประเมิน
ปฏิกิริยาของเน้ือเยื่อโดยรอบโครงร่างโดยใช้วิธีการถ่ายภาพรังสีส่วนตดัอาศยัคอมพิวเตอร์ระดบั
ไมโครเมตร และวธีิการทางมิญชวทิยา (5 ตวัอยา่ง ต่อกลุ่มทดลอง ต่อช่วงเวลา) 
  จากการวดัทางมิญชวิทยาพบว่ากลุ่มทดลอง เอ มีปริมาณการสร้างกระดูกใหม่
เฉล่ียมากกวา่กลุ่มทดลอง บี ในทุกช่วงเวลาการศึกษาอยา่งมีนยัส าคญัทางสถิติ (p < 0.05) อยา่งไรก็
ตาม จากการวดัดว้ยภาพรังสีส่วนตดัอาศยัคอมพิวเตอร์ระดบัไมโครเมตรพบว่าปริมาณการสร้าง
กระดูกใหม่ของทั้งสองกลุ่มไม่มีความแตกต่างกนั (p > 0.05) การวดัการสร้างหลอดเลือดใหม่ทาง
มิญชวิทยาพบว่าปริมาณหลอดเลือดใหม่ของกลุ่มทดลอง เอ มีมากกว่ากลุ่มทดลอง บี ในทุก
ช่วงเวลาการศึกษาและพบความแตกต่างอยา่งมีนยัส าคญัทางสถิติท่ีช่วงเวลา 8 สัปดาห์ จึงกล่าวโดย
สรุปได้ว่า การใช้โครงร่างสามมิติโพลีคาร์โปรแลกโตนและไคโตซานร่วมกบัเซลล์ไขกระดูก        
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สตรอมา ไม่สามารถกระตุน้การสร้างกระดูกใหม่ในรอยวิการไดม้ากกวา่การใชโ้ครงร่างเพียงอยา่ง
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Abstract 
 

Polycaprolactone-chitosan three-dimensional scaffolds containing 20% chitosan 
(PCL-20%CS) were successfully fabricated using the Melt Stretching and Multilayer Deposition 
(MSMD) technique. This study evaluated the ability to repair bone defects in rabbit models of 
those scaffolds combined with autogenous bone marrow stromal cells. The culture-expanded bone 
marrow stromal cells were harvested from each of fifteen New Zealand white rabbit’s iliac crests. 
After stimulated to be differentiated osteoblasts, the cells of 1.5 x 107 were seeded on to each 
scaffold. For each rabbit, two calvarial defects of 11 mm in diameter were created and the 
autogenous cell-scaffold construct was implanted in one site (group A) while another site was 
performed with the scaffold alone (group B). At two, four and eight weeks thereafter, new bone 
regeneration and new vessel regeneration within the defects were assessed using 
histomorphometric and micro-computed tomography (µ-CT) analysis (n=5/group/time point). 
The histomorphometric analysis demonstrated that the average newly formed bone of group A 
was greater than that of group B at every time-point (p < 0.05). However, the µ-CT analysis 
indicated that the newly formed bone of both groups were not significantly different (p > 0.05). 
The mean vessel counts in group A were higher than that of group B in every time points and 
statistically difference was detected in week 8. In conclusion, the PCL-CS scaffolds combined 
with the autogenous bone forming cells did not enhance more bone regeneration when compared 
to the scaffolds alone. However, the combination could allow more vessel regeneration 
throughout their inner portions that can increase the tissue healing and survival of the grafted 
scaffolds. 
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Chapter 1 

 
 

Introduction 
 

Bone defect repairing is one of the most important tasks in oral and maxillofacial 
surgery1. As bone fails to self-regenerate in critical size defects, bone grafting is needed2, 3. Bone 
graft materials can be categorized by their origin into four groups: autografts, allografts, 
xenografts and synthetic grafts4. In addition, characteristics of those materials can be classified 
into three groups including osteogenesis, osteoinduction and osteoconduction5. At the present, 
only autografts elicit osteogenesis properties4-6 and it has been considered the gold standard for 
bone grafting material7-9. Nonetheless, the disadvantages of the autografts are requiring more 
surgical sites that increases morbidity and limited amount of bone5, 9-11. Regarding these 
drawbacks, allografts and xenografts are more widely used. Their osteoconductive properties 
have been accepted with good clinical results12. However, the risk of disease transmission from 
those materials has been reported as about 1 in 1.6 million1, 4 and an immunological reaction is 
also a possibility for caution6. Moreover, procedures to prepare the grafts also demolish the 
strength and osteoinductive proteins10, 12. Alloplasts are grafting materials that not produced from 
living donors. They can be defined as a synthetic, inorganic or biologically organic and can be 
implanted for repairing bone defects instead of human bone graft 7. Ideally, the essential 
properties for the alloplastic materials include bioactivity, biocompatibility, minimal 
inflammatory responses and similar physical properties to bone6, 7, 13, 14. These types of graft 
materials e.g. bioactive glasses, calcium sulfate, calcium phosphates, tricalcium phosphate (TCP), 
hydroxyapatite (HA) and polymers has become more popular in the maxillofacial reconstruction 
branch and they often provide good clinical outcomes 6, 7, 15. Nowadays, the trend of several 
studies is to develop optimum bone regenerative materials focusing on synthetic bioactive 
materials used for scaffolding.  
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The composite scaffolding is a combination of two or more biomaterials aiming 
to produce synergistic properties. Poly ε-caprolactone (PCL) and chitosan (CS) are very popular 
biomaterials used for that purpose due to their unique properties. PCL is approved by the Food 
and Drug Administration (FDA) as a medical and drug delivery device and it has been 
extensively supported by several in vitro and in vivo studies16-20. PCL is degraded by a hydrolytic 
mechanism under physiological conditions and it produces a less acidic environment when 
compared to other polyesters16, 21. However, since it possesses hydrophobic properties, PCL 
normally takes more than 24 months for complete degrading21, which is not commensurate with 
the bone remodeling. CS is the second most abundant natural polysaccharide obtained by alkaline 
deacetylation of chitin. CS has been widely used as a biomaterial for many years due to its 
biocompatibility and bioactivity. It is known that the bioactivity of CS is mainly due to its 
cationic amine groups which can interact with anionic glycosaminoglycans (GAGs), 
proteoglycans and other negatively charged molecules on the surfaces of cells22-25. In addition, the 
major effects of chitosan on accelerating wound healing and promoting growth and differentiation 
of osteoblast cells have been reported over the last several years26-31. 
  Recently, Thuaksuban et al32 developed the novel technique of Melt Stretching 
and Multilayer Deposition (MSMD) specifically for fabricating the PCL-CS three-dimensional 
(3-D) scaffolds.  MSMD processing is a melt blending technique without any porogens and 
solvents, therefore it is considered clean. The scaffolds including pure PCL scaffolds and PCL-CS 
scaffolds containing 10% and 20% CS by weight were successfully fabricated using this 
technique32. The PCL-CS scaffolds were specifically designed to be an appropriate 
interconnecting pore system for enhancing osteogenesis. A microgroove pattern, typically found 
on the surfaces of those scaffolds has proved to support attachment of osteoblasts32. In addition, 
the mechanical properties of the scaffolds are suitable for withstanding forces occurring in real 
circumstances of the reconstruction in the oral and maxillofacial region33. According to our 
previous study32, the PCL-20%CS scaffolds achieved the most superior results for supporting 
osteoblast proliferation, followed by PCL-10%CS scaffolds and pure PCL scaffolds, respectively. 
The following experiments also indicated that the cells cultured on the PCL-20%CS scaffolds 
could produce more mineralized matrixes than those with other proportions. In addition, the 
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ability to repair bone defects of the PCL-20%CS was assessed and compared with commercial 
PCL- tricalcium phosphate (TCP) scaffolds. However, the result showed that the ability of both 
types of scaffolds could only gain small amount of new bone regeneration in rabbit models that is 
insufficient for reconstructing the larger bone defects. Therefore, finding ways to enhance that 
efficacy of scaffolds is still challenging. Regarding the fundamental aspects of bone regeneration, 
which include osteoconduction, osteoinduction and osteogenesis, it seems the later aspect is the 
most effective way of enhancing new bone formation. The strategy of combining biodegradable 
scaffolds with bone forming cells is a non-invasive technique and very practical for clinical 
applications.  
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Review of Literature 
 
Bone tissue engineering  

 
Tissue engineering (TE) is a multidisciplinary subject that attempts to restore the 

function of diseased or damaged tissues through the use of cells, biomaterials and biologically 
active molecules1, 11, 14, 34. The three basic components or the so-called “Tissue Engineering Triad” 
consist of cells, signaling molecules (or growth factors) and scaffolds11, 34 (Fig. 1). The major aim 
of TE is to rebuild body structures to replace missing functions of the critical organs which lack 
the natural capacity for self-repair such as cardiac tissue, bone and cartilage14, 35. Currently, the 
therapeutic strategies for bone TE range from implantation of bone-like tissue which produced in 
vitro and in situ bone tissue regeneration1, 13. 

 

 
 

Fig. 1             Tissue engineering triad consists of cells and signaling molecules (growth factors) 
that provide desired phenotypes and behavior of the cells. Scaffold acts as a 
template for tissue formation by allowing the cells to migrate, adhere, and 
develop organ tissue34. 
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The first TE report was done by Howard Green in late 1970. Colonies of 
epidermal keratinocytes were grown into sheets of epithelium. The components were successfully 
transferred to dermal wounds in a rodent study36. The current approach in TE has shifted from 
cell-based to scaffold-based strategies as well as the use of osteogenic growth factors and genetic 
engineering11 (Fig. 2). 

 

 
 

Fig. 2  This schematic diagram demonstrates the scaffold-based tissue engineering  
 theory36. Cells derived from tissue or stem cell sources can be used to combine 
 with the scaffold. The cell- scaffold combinations are expected to have an ability 
 to form tissues after implantation. 
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Scaffold 
  
The scaffolds should act as a framework for supporting growth and functions of 

desired tissue as well as maintaining shape and contour of the organ37. Two features of the 
scaffolds that influence cellular responses are 3-D architecture and the physico-chemical 
properties of their surfaces1, 11. The scaffolds should have the 3-D structures with highly porous 
and interconnected pore network for cell in-growth and transporting nutrients and metabolic 
waste. The macropore-size of 300-500 µm has been proven to enhance rates of nutrient transport 
as well as support growth of osteoblast cells38. The physico-chemical properties are a 
consequence of the material composition of the scaffolds1, 13. The major types of biomaterials can 
be divided into three categories of metals, ceramics and polymers. Metals yield the least 
satisfaction in bone tissue engineering because they are not biodegradable. Ceramics, like HA and 
TCP, give good results regarding bone regeneration, however, their major drawbacks are 
unpredictable degradation rate and low mechanical stability39. Up until the present, many 
approaches in bone TE have relied on synthetic biodegradable polymers, which are the regulatory 
approved biodegradable polymers such as polyglycolide (PGA), polylactides (PLLA, PDLA) and 
PCL, due to their tailor-made properties and processability. 
 

The materials 
 
Polycaprolactone  
 

With FDA approval, PCL is widely used for fabricating bone regenerative 
scaffolds due to its biocompatibility and ease of fabrication32, 40, 41. PCL is a semi-crystalline 
aliphatic polyester (Fig. 3) with excellent processability due to a low melting temperature at   
60oC 32. It has good mechanical properties and also acts as an osteoconductive material for bone 
cells42, 43.  The drawbacks of PCL are its lack of osteoinductivity  and slow rate of         
degradation37, 40, 41. To improve the osteoinductivity of PCL, attempts have been made to combine 
several osteoinductive materials with PCL-based scaffolds such as TCP18, 37, 43, CS32, 40, 41, 44, 



7 
 

   

Resveratrol45, Simvastatin46, and bone morphogenetic proteins (BMPs)47. Moreover, to gain the 
osteogenesis property, bone marrow derived stem cells are also used to combine with the 
scaffolds48, 49. 

 

 
 
Fig. 3   The chemical structure of PCL50 
 

Chitosan  
 

Chitosan is an aminopolysaccharide (poly-1,4-D-glucosamine) derived from an 
alkaline decetylation of chitin (Fig. 4). It has superior tissue biocompatibility due to its structure 
being similar to glycosaminoglycan in an extracellular matrix26, 51.  Moreover, it has been proven 
to demonstrate properties needed for bone tissue engineering which include having 
biodegradability, a porous structure, suitability for cell ingrowth, osteoconduction, and an 
intrinsic antibacterial nature32, 51. CS has been widely applied in TE with various geometries and 
forms including films, fibers, beads and sponges32, 40, 41, 44.  However, a major disadvantage of CS 
is poor physical property of being brittle at the dried stage27.  
 

 
 

Fig. 4  The chemical structure of Chitosan52 
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Melt Stretching and Multilayer Deposition technique  
 

Thuaksuban et al32 developed a MSMD technique of scaffolding using a melt-
based processing. The technique utilizes the basic facilities of being practical, economical and 
suitable for industrial application. The concept of this technique is shown in Fig. 5. The MSMD 
PCL-CS scaffolds were the combination of a PCL matrix and CS filler using the melt blending32. 
Those scaffolds were hypothesized to improve the degradation and to enhance activities of bone 
cells. There were three ratios of the PCL and CS the were enrolled for the in vitro experiments 
including pure PCL (0 wt % CS), PCL-10%CS (10 wt % CS) and PCL-20%CS (20 wt % CS). 
Their architecture, degradation behavior and biomechanical properties as well as responses of the 
osteoblasts were assessed32, 33(Fig. 6-8). Among the ratios, PCL-20%CS yielded the best result of 
supporting growth and differentiation of the osteoblasts. 
 

 
 
Fig. 5  The concept of the MSMD technique to fabricate the 3-D scaffold is 

demonstrated. Firstly, the PCL-CS monofilaments are fabricated by melting and 
stretching, and reserved for constructing a monolayer scaffold (A). The 
monolayer scaffold is fabricated by aligning the filaments in a grid pattern with 
an average gap area of 500 µm (B). The 3-D scaffold is fabricated by depositing 
the monolayer scaffolds into multi-layers (C). Concerning this, the regularity of 
the interconnecting structure and pore size is controllable.  
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Fig. 6   Stereomicroscope pictures of the PCL-CS scaffolds (A, scale bar = 500 μm). 
The PCL-CS filaments are opaque and small particles of CS are seen throughout 
the surface (B and C; arrows).  
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Fig. 7   Scanning electron microscope (SEM) images demonstrate that osteoblast cells 

can grow in multilayers on the surface of PCL-20%CS scaffold. The mineralized 
nodules (arrows) indicate late differentiation of the cells on culture-day 7 (A). 
The picture at the edge of the scaffold’s filament shows three-dimensional 
growth of the cells on culture-day 14 (B). A thick mineralized extracellular 
matrix covering all surfaces of the PCL-20%CS scaffold was found on culture-
day 21(C). 
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Fig. 8  The graph demonstrates proliferation of the osteoblasts on the MSMD scaffolds 
over 21 days. At each time point after culture-day 1, the cell proliferation in the 
PCL-10%CS and PCL-20%CS groups was significantly higher than that in pure 
PCL group (∗ P<0.05). On culture-day 21, the cell proliferation in the PCL-
20%CS group was significantly higher than the other groups († p<0.05). 

 
 
 
 
 
 
 
 
 
 
 



12 
 

   

  Our other study (pending publication) aimed to assess efficacy of the PCL- 20% 
CS scaffolds for repairing rabbits’ calvarial defects over 8 weeks of implantation in comparison 
with that of commercial PCL- 20%TCP scaffolds (OsteoporeTM, Singapore). The result indicated 
that the scaffolds of both groups could only gain a small amount of new bone at an average of 
18.33 % and 20.20% of the defect size respectively (Fig. 9).  
 

 
 
Fig. 9  The graph shows the mean new bone volume fraction (VF) enhanced by PCL-

20%CS and PCL-20%TCP scaffolds. Over 8 weeks, the amount of new bone of 
the two groups was not statistically different. 
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The use of cells for bone TE 
 

Recently, bone TE has attracted awareness with the concept of regenerating bone 
tissue by using composites of osteoprogenitor cells and scaffolds. The engineered tissue 
fabricated in vitro involving combinations of cells and/or scaffold matrices would have ability to 
form tissue within the body upon transplantation. However, replacement of the tissue with 
autologous cells is an ideal situation from an immunological standpoint36. The cells from the 
autologous sources involve removal of tissue from the individual host, in vitro isolation and 
expansion for increasing amount of specific cells before re-implanting them to target sites. 
Regarding the types of the cells, stem cells play a key role in modern bone TE because of two 
essential properties including the capability of self-renewal and the ability to differentiate into 
diverse cell lineages under different conditions36, 53, 54. Stem cells are classified as embryonic stem 
cell, induced pluripotent stem cell and adult stem cell55. Adult stem cells are found in many 
human organs such as from bone marrow, adipose tissue and the umbilical cord. The 
mesenchymal stem cell (MSCs) is derived from bone marrow stroma and it is believed to be a 
multipotent stem cell (Fig. 10). The bone marrow derived mesenchymal stem cell has a high 
efficacy for using in bone TE, therefore, this cell type is very popular for many recent studies49, 56. 
However, the terms bone marrow derived mesenchymal stem cells and bone marrow derived 
stromal cells (BMSCs) are used interchangeably but indeed the majority of the cells in bone 
marrow stromal are not true stem cells57, 58. In general, MSCs in bone marrow stromal is relatively 
low as 0.01% to 0.001%59-61 and their differentiation potential during culture is unstable58. 
Therefore, an efficient method of isolation and expansion is required. BMSCs are more suitable 
for bone TE than cells from other origins due to the following characteristics. Firstly, those cells 
have a high differentiate potential into multi-lineage e.g. osteogenic, chondrogenic and 
adipogenic lineage61. Secondly, it is easy to harvest them from a patient’s donor sites such as bone 
marrow aspiration60, 61. Moreover, they have an immunosuppressive property, which can be 
modified to utilize from an allogenic source62. It is known that osteogenic differentiation of 
cultured BMSCs can be chemically induced by the addition of dexamethasone, ascorbic acid and 
beta glycerol phosphates63, 64. Among those substances, dexamethasone plays a crucial role in the 
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osteo-induction of the cell65. Other substances like basic fibroblast growth factors (bFGF) have 
been reported to affect and maintain the  osteogenic ability of BMSCs’66. 

Several publications support the use of BMSCs combined with scaffolds. 
Schantz et al 67seeded the culture expanded mesenchymal progenitor cells and osteoblasts from 
bone marrow into PCL 3-D scaffolds and implanted them into rabbit’s calvarial critical-sized 
defects. After 3 months, the amount of calcification of the cell-seeded constructs was about 60% 
more than unseeded scaffolds. Zhou et al 49 combined cultured multilayered porcine bone marrow 
stromal cell sheets with PCL–calcium phosphate (CaP) scaffolds and transplanted the constructs 
under the skin of nude rats over 12 weeks. The results showed that neo-cortical and cancellous 
bone formed within the constructs increased up to 40% of the bone volume. Shao et al 68 seeded 
allogenic bone marrow-derived mesenchymal cells into pure PCL scaffolds combined with fibrin 
glue and implanted the constructs into the femoral condylar defects of rabbits. The results 
indicated that mature trabecular bone regularly formed in the scaffolds after 3 months post-
implantation.  

 

 
 

Fig. 10  Diagram showing the multi-differentiation potential of mesenchymal stem 
cells62. 
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Good cell-to-cell contact and distribution of the cells throughout scaffolds are the 
important factors for appropriate seeding procedures. In addition, seeding method and density of 
the cells have to be considered.  In principle, the cell seeding methods can be classified into 3 
categories: static seeding, dynamic seeding and magnetic seeding36, 69. The static seeding refers to 
an addition of cell suspension onto scaffolds like the soaking system70 and pipette system56 (Fig. 
11). This technique is the simplest and most frequently used. However, this method is associated 
with a low seeding efficiency of approximately 10-25%71. Dynamic cell seeding is a procedure 
usually performed with bioreactor systems; for example, vacuum seeding using pressure 
differentials72(Fig. 12). This technique yields higher seeding potential than static seeding, which 
ranges from 38 to 90%60. Magnetic cell seeding involves using a magnetic force to attract 
magnetic nanoparticles attached to desired cells or protein. It is a very effective method, but 
residual magnetic particles may be found in the organs and their adverse effects on tissues need 
further evaluation69.  

 

 
 

Fig. 11  Static seeding69. Cell suspension is pipetted directly into the lumen of the 
scaffold or onto the outside of the scaffold. 
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Fig. 12  Vacuum/pressure seeding69. A cell suspension is forced through a scaffold by 
either internal pressure or external vacuum pressure. As cells travel through the 
scaffold, they become lodged in the pores. 
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Hypothesis 
 

This study hypothesized that by combining autogenous BMSCs to the MSMD 
PCL-20%CS scaffolds, it would enhance more new bone regeneration than that resulting from the 
scaffolds alone. 

 
Objective 

 
The aim of this study was to assess new bone regeneration within the rabbit’s 

calvarial defects enhanced by the PCL- 20% CS scaffolds combined with autogenous BMSCs 
compared to new bone regeneration from the scaffolds alone. 
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Chapter 2 
 
 

Materials and Methods 
 
The scaffolds and study groups                    
 
   The preparation protocol for the scaffold specimens is explained below. The 
PCL-20%CS scaffolds were fabricated using the MSMD technique according to the following 
protocols32. PCL pellets ( M n 80,000 PC, Sigma Aldrich, USA) and CS particles (CS middle-
viscous, M w 3 ×  105–5 ×  105, 75–85% deacethylation, Fluka, Japan) were milled separately using 
a freezer-mill machine (SPEX Sample Prep LLC, USA). The CS micro-particles were prepared 
by sieving through a 75 micron-sieve (Retsch, Germany). The two materials were mixed together 
in the ratio of PCL: CS = 80:20 by weight and melted in a melting-extruding machine. The 
monofilaments were made by extruding the PCL-CS blend through the nozzle tip of the machine. 
After that, the filaments were stretched to decrease their diameter. The stretched filaments were 
used to form monolayer scaffolds by arranging and stamping them on to the poly-vinyl template. 
The pattern of the scaffolds was a grid pattern of filament lines at 90◦ to each other with average 
space area of 500 μm2 between the lines. To prepare the multilayer (3-D) scaffolds as the testing 
specimens, the monolayer scaffolds were cut into round shapes of 11 mm in diameter using a 
round shaped poly-vinyl template. The 3-D scaffold was made by depositing three monolayer 
scaffolds in the pattern of 0o/90o for each layer and by repeated stamping (Fig. 13). All specimens 
were sterilized using ethylene oxide gas at 37◦C for 2h.  
                       The study groups included group A: PCL- 20%CS scaffolds combined with 
autogenous BMSCs and group B: PCL- 20%CS scaffolds alone (n=5/group/time point, total n 
=15/group) (Table 1). 
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Table 1  Study groups and animal used. 
 

 
Study groups 

Number of defects Number of animals  

Each time point Total Each time point Total 

A 5 15 5 15 
B 5 15 

 

 
 
Fig. 1  The picture of the PCL- 20%CS MSMD scaffolds prepared for the experiment. 
 
Bone marrow harvesting  

 
Fifteen adult male New Zealand white rabbits weighing 3.5 – 4 kg were included 

in the study. The in vivo experiment was approved by the experimental ethics committee of 
Prince of Songkla University. Each rabbit was anesthetized using an intravenous injection of 1 
mg/kg diazepam and placed in the prone position. After injection of 2% lidocaine containing 
1:100,000 epinephrine, approximately 25 mm3 of cancellous bone was harvested from the iliac 
crest and placed into the transfer medium consisting of Dulbecco’s Modified Eagle Medium 
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(DMEM, Gibco, Invitrogen, USA),  100 IU/ml of penicillin/streptomycin and 250μg/ml of 
Fungizone (Gibco, Invitrogen,  USA) (Fig. 14). The surgical wound was closed with 4/0 
absorbable sutures and the rabbits were received antibiotic prophylaxis with 0.1 mL/kg 
cephalexine for 3 days.  

 
Cell culture 

 
Bone marrow-derived stromal cells (BMSCs) were isolated from the cancellous 

bone particles by an explant technique under the following protocol. The periosteum and soft 
tissue was discarded and the bone was cut into small pieces. The bone pieces were transferred 
into 3.5 cm petri dishes and proliferation medium consisting of alpha Minimum Essential 
Medium (α-MEM, Gibco, Invitrogen, USA) supplemented with 10% Fetal Bovine Serum (Gibco, 
Invitrogen, USA), 100 IU/ml of penicillin/streptomycin and 250μg/ml of Fungizone (Gibco, 
Invitrogen, USA). The cells of each rabbit were cultured separately from each other to prevent 
any antigenic reaction. After 3 days, non-adherent cells were removed by replacing with fresh 
medium. The adherent cells were cultured in the medium until they exhibited the character of 
colony-forming fibroblast-like cells, before, sub-culturing was conducted for the first passage 
(P1) (Fig. 15). The P1-cells were cultured in the osteogenic medium to stimulate BMSCs to be 
well-differentiated osteoblasts. The osteogenic medium was prepared using the proliferation 
medium supplemented with 0.2 mM Ascorbic acid (Sigma, USA), 10 mM β-Glycerophosphate 
(Sigma, USA) and 10-8 M Dexamethasone (Sigma, USA)64. The osteoblastic characterization of 
those cells was assessed by the alkaline phosphatase (ALP) staining (Sigma, USA) and Alizarin 
Red staining (AR)(Sigma, USA)66, 73(Fig. 16). The cells, which had the positive staining to ALP 
more than 60 percent were allowed to continue culturing. After 80% confluence, subculture was 
performed and the cells of P2-3 were used for the experiments. 
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Preparing cell-scaffold constructs  
                         

Prior to cell seeding, the sterilized PCL-20%CS scaffolds were immersed in 
fresh proliferation medium for 24h. Total BMSCs of 1.5 x 107 cells explanted from each 
individual rabbit were seeded onto each PCL-20%CS scaffold using the static seeding method69. 
To ensure attachment of the cells throughout the scaffolds, seeding procedures were performed on 
each side of the scaffolds. For each scaffold, BMSCs of 7.5 x 106 cells were seeded on one side of 
the scaffold and it was left in the incubator at 37◦C, 95%CO2 for 3h to allow the cell to attach. 
Afterwards, the scaffold was flipped over and the same seeding procedure was repeated. The cell-
scaffold constructs (group A) and the scaffolds without cells (group B) were cultivated in 
osteogenic medium for 3 days. Prior to the surgical implantation, the constructs were investigated 
using a light microscope (Olympus, Japan). Three constructs were additionally prepared to assess 
attachment and proliferation of the cells on the scaffold surfaces using a SEM (JSM5200, JEOL, 
Japan). 
 
Scanning electron microscope  

 
The constructs were removed from the culture plates and rinsed with phosphate 

buffered saline (PBS) and then fixed with 2.5% glutaraldehyde for 2 h. Next, they were 
dehydrated in an ethanol series of 30-100%. After that, a critical point drying procedure was 
performed. The constructs were coated with Gold-Palladium coating and observed via the SEM.  

 
Surgical implantation protocol 
 

The implantation procedure in the rabbits was performed under general 
anesthesia as previously described. For each rabbit, after sub-periosteal dissection, bi-cortical 
defects (11 mm in diameter) were created at both sides of its calvarium (Fig. 17 A). The scaffold 
of group A was randomly implanted in one side of the calvarium and the other side was implanted 
with that of group B (Fig. 17 B), and then the skin flap was closed with 4/0 absorbable sutures. 
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All rabbits were received antibiotic prophylaxis with 0.1 mL/kg cephalexine for 3 days. At the 
time points of 2, 4 and 8 weeks after the operation, the surgical wounds were clinically assessed. 
Healing and any complications of the surgical sites were descriptively recorded. After that, the 
rabbits were sacrificed with an overdose of intravenous pentobarbital sodium. Each calvarium 
was removed in one piece. The gross specimen was examined before fixing in 10% formalin. 
After 48 hrs, it was cut along the mid sagittal suture into 2 pieces of specimens using a cutting-
gridding machine (Exakt, Germany).  Micro-computed tomography (µ-CT) analysis was 
conducted in all specimens before processing them for histomorphometric analysis.  

 

 
 

Fig. 2  Bone marrow harvesting technique via supra-iliac crest approach (A). After 
periosteal dissection, the cortical bone along the crest was removed to expose the 
bone marrow (B). The bone marrow was harvested using a sharp curette (C). 
Harvested bone marrow was stored in the transfer medium (D). 



23 
 

   

 
 

Fig. 3  Primary explant culture of the bone marrow. Small pieces of the bone marrow 
(arrows) were cultured in the proliferation medium (A). The colony-forming 
fibroblast-like cells occurred after several days of culture (arrows) (B). 
Abbreviation: BM= bone marrow 

 

 
 

Fig. 4  The formation of ALP-positive staining colonies (bluish- purple, arrows) (A) and 
AR-positive staining colonies (bluish-red) (B).  
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Fig. 5  Two bi-cortical defects were created at both sides of the calvarium (A). The 

defects were implanted with the scaffolds; on the right is the scaffold of group A 
and the left one is the scaffold of group B (B). 

 

µ-CT analysis  
 

The specimens of each time point (5 specimens/ group/ time point) were scanned 
using a µ-CT (µCT 35, SCANCO Medical AG, Switzerland) in a direction parallel to the coronal 
aspect of the calvariums with a setting of 55 kVp, 72 µA and 4 W. The measuring parameter was 
the new bone volume fraction (VF) calculated by analysis software (µCT 35 Version 4.1, 
SCANCO Medical AG, Switzerland) using the following formula (Fig. 18A).  

 
        New bone VF (%)    = [New bone volume] x 100  
                                                        Defect volume 
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Histologic processing and histomorphometric analysis 
 

The specimens were decalcified in formic acid and embedded in paraffin                   
(5 specimens/ group/ time point). Serial 5-µm-thick sections were cut at the positions of 500 µm 
from the margin (Fig. 18A). The sections were stained with Haemotoxylin and Eosin (H&E)        
(3 sections/ specimen/ staining) and scanned using a slide-scanner (ScanScope, Aperio, USA) to 
be image files. The region of interest (ROI) was located between the rims of both sides of the 
defect including the newly formed bone, the surrounding tissue and the remaining scaffold (Fig. 
18B). Microscopic features of the ROI were assessed descriptively. Area fractions (AF) of newly 
formed bone were calculated by the following formulas using analysis software (ImageScope, 
Aperio, USA). The defect area could be calculated by multiplying the average height of the defect 
rims (H) by the length of the defect (L). The area fractions were measured as percentages to 
prevent error due to shrinkage of the specimens.  
 

Defect area (µm2) = [H1+H2] x L 
2    

   Newly formed bone AF (%) = [Areas of new bone formation] x 100  
                                                                                  Defect area 
 
  Those image files were also used for quantitatively assessing the levels of new 
vessel regeneration. In each histological section, customized five-grid template was used for 
creating the counting fields (Fig. 19). Assignment of the grids was carried out in the middle part 
of the scaffolds in the scanned images using the analysis software (ImageScope, Aperio, USA).  
With magnification of 10x, the vessels within the measuring fields were counted using strict 
criteria for the identification of endothelial cells lining and red blood cells. Blind counting was 
conducted by two persons; the experienced histopathologist and the main author. In cases where 
assessment differed, disagreements were resolved by consensus after joint review. 
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Fig. 6  Schematic drawing for defining the defect site for the µ-CT analysis and the 
section lines for the histomorphometric analysis (A) and schematic drawing for 
defining the ROI for the histomorphometric analysis (B).   

 

 

 

 

(A) 

(B) 
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Fig. 7  Schematic drawing for measuring new vessel regeneration. The template of  

customized square-shaped grids was superimposed on the histological image to 
create the measuring fields. All vessels within the fields were counted in 
duplicate. 

 
Statistical analysis 

 
The data was analyzed using statistical analysis software (SPSS, version 14.0, 

USA). The microscopic features of the scaffolds and the surrounding tissue were assessed 
descriptively. One-way Analysis of Variance (ANOVA) followed by Tukey HSD was applied to 
compare the differences of the measuring parameters among the healing intervals within each 
group. Dunnett’s T3 test was performed when equal variances was not assumed. The paired t-test 
was applied to compare the differences of those parameters between the two groups for each time 
point. The level of statistical significance was set at a p value < 0.05. 
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Chapter 3 
 
 

Results 
 
Characteristic of the BMSCs on the scaffolds 

 
The SEM images prior to the surgical implantation demonstrated that BMSCs 

could attach well throughout the scaffold surfaces. In addition, the cells growing in multi-layers 
indicated their well proliferation (Fig. 20).  

 

 
 
Fig. 1 SEM images of day three post-seeding. The cells could attach and proliferate 

well throughout the scaffold surfaces (A). The magnified image shows spreading 
of the cytoplasmic processes of the cells and their growing in multi-layers (B).  

                             

The experiment in animal models 
 

All rabbits of both groups tolerated the operation well and they were healthy 
during the observation period. The surgical wounds clinically healed without complication.  
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Gross specimens 
 

The gross specimens showed that healing of the implanted sites integrated well 
to the surrounding host bone. The surgical defects were covered with dense fibrous tissue without 
signs of foreign body reaction (Fig. 21). 

 

 
 
Fig. 2 Gross specimens of the implanted sites (circular marks) at week 8. It was found 

that the scaffolds were embedded in place without clinical signs of inflammation 
(A). The implanted site was covered with periosteum and the scaffold (arrows) 
was surrounded with dense fibrous tissue (B). 

 
Histomorphometric analysis  
 

Histological features of the implanted areas are demonstrated in Fig. 22 – 24. 
During the histological preparation, the scaffolds of both groups were totally dissolved, hence the 
scaffold areas in the histologic images were seen as empty spaces. At week 2, the scaffolds of 
both groups were surrounded by dense fibrous tissue and neo-vascularization was clearly found 
throughout the inner parts of them. Chronic inflammatory cells, mainly eosinophils and 
histeocytes, were generally found infiltrating along the surfaces of the scaffolds of both groups. 
Some areas of necrotic tissue were also found in the deep parts of those scaffolds. By observation, 
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inflammatory cells and necrotic tissue were found to be more obvious in group B more than 
group A. New bone formation could be detected extending from the periphery of the defects but 
there was no bone formation observed within the scaffolds of both groups (Fig. 22). In week 4, an 
increase of neo-vascularization along with dense collagen connective tissue within the scaffolds 
was detected simultaneously with a remarked decrease in inflammatory response. In addition, the 
amount of new bone formation of both groups remarkably increased. The bone formation within 
the deep parts of the scaffolds was more obviously detected (Fig. 23). In week 8, most of that new 
bone of both groups matured and remodeled, hence it was difficult to distinguish between the 
newly formed bone and the host bone margins. Bone bridging characterization of the defects 
underneath the scaffolds of group A could be observed in some specimens, whilst it was not 
found in group B (Fig. 24). The newly formed bone AF is demonstrated in table 2 and Fig. 25. It 
was found that new bone formation of both groups increased with time. The new bone formation 
of group A was greater than that of group B at each time point and significant difference between 
them was found at weeks 2 and 4. The amounts of new vessels regenerating within the scaffolds 
are demonstrated in table 3 and Fig. 26. It was found that the scaffolds of group A allowed more 
vascular regeneration into their deep parts than those of group B at every time-point.  
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Fig. 3  H&E stained sections of the implanted sites at week 2; group A: (A, B), group B: 
(C, D). The original section of group A shows that the outer regions of the 
scaffold are surrounded by fibrous tissue and newly formed bone regenerating 
from the periphery area (box) (A). The remnants of CS are seen as the red 
particles within the empty space. The 5X magnification image of the box shows 
that the scaffold surrounded by dense fibrovascular tissue. Chronic inflammatory 
cells are seen along the scaffold filaments (arrows) (B). The original section of 
group B shows that the outer regions of the scaffold are surrounded by dense 
fibrovascular tissue (C). Small amounts of new bone formation are also seen 
peripherally to the host bone area (box). The 5X magnification image of the box 
shows that the scaffold is surrounded by dense fibrovascular tissue (D). Thicker 
bands of chronic inflammatory cells are seen along the scaffold surfaces (arrows) 
and large areas of necrotic tissue are seen in the deep parts of the scaffold. 
Abbreviations: NB = newly formed bone, HB = host bone, SC = scaffolds, NC = 
necrotic tissue. 
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Fig. 4  H &E stained sections of the implanted sites after four weeks; group A: (A - C), 
group B: (D, E). The original section of group A shows that inflammatory cells 
and necrotic tissue remarkably decrease, whilst increasing of new bone 
formation is seen along the inner surface of the scaffolds (A, box B). The 5X 
magnification image of box B shows woven patterns of the newly formed bone 
regenerating beneath the scaffold (B). The 10X magnification image of box C 
shows several newly formed vessels (arrows) in the deep part of the scaffold (C). 
The original section of group B shows that the scaffold is surrounded by dense 
fibrovascular tissue (D). New bone formation is also seen along the inner portion 
of the scaffold (box). The 5X magnification image of the box shows newly 
formed bone within the deep parts of the scaffolds (E). Less vascular formation 
is observed when compared with the scaffold of group A. Abbreviations: NB = 
newly formed bone, HB = host bone, SC = scaffolds. 
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Fig. 5  H &E stained sections of the implanted sites after eight weeks; group A: (A - C), 
group B: (D- F). New bone formation is generally found underneath the scaffold 
(A, box B). The 5X magnification image of box B (B). The 10X magnification 
image of box C demonstrates that high vascular regeneration (arrows) are 
observed within the deep parts of the scaffold (C). The original section of group 
B shows dense fibrous tissue within the scaffold (D). New bone formation is also 
seen. The 5X magnification image of box E shows maturing bone  that tends to 
bridge the defect and new bone formation within the scaffold (circular marks) 
(E). The 10X magnification image of box F shows newly formed vessels 
(arrows) (F). Abbreviations: NB = newly formed bone, SC = scaffolds. 
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Table 1  Histomorphometric data of the newly formed bone AF over the observation  
  periods 
 

 
 

 

 
Fig. 6  The graph of the newly formed bone AF. At weeks 2 and 4, new bone formation 

of group A is significantly greater than that of group B (ŧŧ: p = 0.030, ŧ: p = 
0.036). In group A, newly formed bone AF at week 8 was significantly greater 
than the amount at week 2 (*: p = 0.024). In group B, newly formed bone AF at 
week 8 was significantly greater than the amount at weeks 2 and 4 (Ϯ: p = 0.00, 
ϮϮ: p = 0.022). 

 

 
Study groups 

Newly formed bone AF (%)(mean ± SD) 

2 weeks 4 weeks 8 weeks 

Group A 3.768 ± 1.392 6.450 ± 1.631 7.090 ± 1.696 
Group B 1.882 ±  0.784 3.707 ± 1.510 6.380 ± 1.184 
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Table 2  Histomorphometric data shows the numbers of new vessels within the  
  scaffolds of both groups over the observation periods. 
 

 
 

 
 

Fig. 7  The graph of average vessel regeneration within the scaffolds. The mean vessel 
counts in group A were higher than those of group B at every time points but 
statistical difference was found only in week 8 (ANOVA, Ϯ: p =0.004). The 
mean vessel count of group A reached the maximum at week 8 and it was 
significantly higher than the earlier time points (*: p = 0.024, and **: p = 0.003).  

 
Study groups 

numbers of new vessels (mean ± SD) 

2 weeks 4 weeks 8 weeks 

Group A 21.800 ± 8.899 13.400 ± 12.779 43.750 ± 8.846 
Group B 17.000 ± 12.903 4.250 ± 2.217 16.750 ± 7.274 
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µ-CT analysis 
 

The morphologies of new regenerated bone within the defects are shown in Fig. 
27. In the early stage, it was found that new bone initially regenerated from the surrounding host 
bone and gradually increased its volume. Bone remodeling and its tendency to bridge defects was 
found in the later stage. The amounts of new bone regeneration over 8 weeks are demonstrated as 
new bone VF in table 4 and Fig. 28. It was found that the new bone VF of both groups increased 
with time. In contrast to the histological result, the new bone VF of group B was slightly greater 
than that of group A since week 4, but there was no significant difference (ANOVA, p>0.05).  
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Fig. 8  The 3-D reconstruction of the defects using µ-CT over the observation periods 

are classified as group A: (A - C), group B: (D - F). In each image, the right side 
is coronal cut and the left side is axial cut.    
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Table 3  The data of new bone VF for both groups over the observation periods. 
 

 
 

 
 
Fig. 9  The graph demonstrates the average newly formed bone VF of both groups over 

8 weeks. There was no statistical difference among the time points within group 
and between groups (ANOVA, p>0.05).  

 
 
 

 

 
Study groups 

New bone VF (%) (mean± SD) 

2 weeks 4 weeks 8 weeks 

Group A 6.962 ± 1.255 7.438 ± 3.577 9.982 ± 0.626 
Group B 6.174 ± 2.393 8.202 ± 2.962 10.548 ± 2.494 
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Chapter 4 
 

 
Discussion 

 
                   The study was performed mainly to discover the osteoconductive property of the 
PCL-CS 20% MSMD scaffold and the osteogenesis property of the bone cell-seeded scaffold by 
focusing on the volumes of new bone regeneration. Some protocols of the experiment were 
different from those of previous studies. Firstly, the 11-mm defects were smaller than the critical 
size defects of 15 mm in diameter by definition74. Several previous studies created their critical 
size defects in rabbit models in the range of 10-15 mm75-79. Recently, Sohn et al79 created 15-mm 
and 11-mm defects in rabbits and they found that spontaneous new bone formation of both groups 
in 8 weeks were not significantly different. In our rabbit models, two 15-mm defects could not be 
created in each single cranium due to inadequate space. Therefore, two 11-mm defects were 
created instead in order to compare the efficacy of the two methods and reduce the errors between 
individual rabbits. Secondly, our observation period was shorter than those of previous similar 
studies, which ranged from 12 weeks to 9 months49, 67, 68, 80, 81. In our opinion, the duration of 8 
weeks corresponds to the period of the bone remodeling process in humans and it was sufficient 
for estimating the efficacy for enhancing bone regeneration of the testing scaffolds. Finally, we 
combined the micro CT and the histomorphometric analysis in the same specimen for accurately 
assessing bone regeneration. In our opinion, the VF measured by the CT is the most accurate 
value for implying bone formation in 3-D. The AF measured by the histomorphometric analysis is 
less accurate for evaluating the total bone formation within the defects because the bone can be 
seen only along the directions of the tissue sections. However, the histomorphometric data is still 
the best method for demonstrating information of tissue responses to the scaffolds and maturity of 
the new bone. In addition, that data could reveal the areas of radiolucent PCL-CS scaffolds that 
could not be detected by the micro CT.  
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This study confirms that the PCL-CS MSMD scaffold is biocompatible and it 
can be implanted in vivo without complication. The histological sections demonstrated that new 
bone formation could regenerate from the host bone margins and gradually increased with time to 
consecutively occupy the defects. Remodeling of the new bone was detected since week 4. The 
profiles of the VF demonstrated that the average new bone regeneration enhanced by the cell-
scaffold constructs was not different to that enhanced by of the scaffold alone. In addition, both of 
them could only gain a small amount of new bone into the defects. At week 8, the averages of 
new bone VF was 9.98 ± 0.63 % in group A and 10.55 ± 2.49% in group B. This result is similar 
to reports of some other studies80-82. Khojasteh, et al82 mplanted the PCL-20%TCP scaffolds into 
20 x 10 x 10 mm critical sized defects in dog’s mandibles and found that the amount of new bone 
formation was 17.27 ± 3.29% after 8 weeks. Rai, et al80 extended the observation period to 9 
months for implantation of the same scaffolds into the 18 x 10 x 7 mm-mandibular defects of 
mongrel dogs. They also found that the minimum amount of new bone formation enhanced by the 
scaffold increased from 5.07± 2.13% to 9.78 ± 1.11% from 6 to 9 months. Similarly, Sawyer, et 
al81 found that scaffolds alone gained less than 20% of new bone volume in a 5mm-rat calvarial 
critical-sized defect over 15 weeks. 

                      Prior to seeding into the scaffolds, all of the autogenous bone marrow stromal 
cells harvested form the individual rabbit expressed their osteoblastic characters after induction. 
In addition, the SEM images prior to the implantation confirmed that those scaffolds could 
support attachment and proliferation of those cells very well. The histological results 
demonstrated that better vessel regeneration and less inflammatory cells were clearly found in the 
group of the cell-scaffold constructs compared to the group of the scaffolds alone. This 
phenomenon also related to the minimal necrotic zone in the inner portion of the cell-scaffold 
constructs. Nevertheless, neither the scaffolds alone nor in combination with the bone forming 
cells could enhance enough new bone regeneration for repairing bone defects in vivo. In addition, 
the histologic sections showed that there was no bone-scaffold integration and no morphologies 
of the cells detected on the surfaces of the scaffolds. It implies that those cells seeded into the 
scaffolds did not function to form new bone in vivo. The major possible reason is due to that 
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because the remarkable inflammatory cells induced by the scaffolds produced an unsuitable 
environment and interfered the functions of the cells. To find out whether this phenomenon was 
due to the property of the individual material of the scaffolds, some pure PCL MSMD scaffolds 
were implanted subcutaneously in rabbits to observe their tissue responses (data not shown). It 
was found that the PCL scaffolds induced minimum inflammatory response without the dominant 
cells including eosinophils and histeocytes, both of which responded to the PCL-CS scaffolds. 
This additional experiment showed the two important points. Firstly, using the MSMD technique 
concept can allow actions of the filler in the PCL-based scaffold directly affecting the 
surrounding cellular responses. Secondly, using CS as the filler of scaffolds seems to be 
inappropriate for repairing bone defects. Unlike the usual profile of chronic inflammatory 
reactions where neutrophil and lymphocyte are generally found, CS filler in our scaffolds 
attracted some specific cells including eosinophils and histeocytes. This corresponds with the 
reports of some studies that support correlation between chitosan and induction of some types of 
inflammatory cells52, 83, 84. Reese et al85 reported that chitin as well as chitosan could induce tissue 
accumulation of IL-4-expressing innate immune cells, including eosinophils and basophils when 
given to mice. Barbosa et al83 reported that the biological response to implanted chitosan 
scaffolds was influenced by the degree of acetylation (DA). They found that the DA 15% chitosan 
3-D scaffolds induced a more intense inflammatory response when compared with DA 4% 
scaffolds. The DA 15% chitosan attracted high numbers of leukocytes and induced the formation 
of a thick fibrous capsule and a high infiltration of inflammatory cells within the scaffolds. They 
suggested that acetyl and amine functional groups of chitosan played an important role in that 
phenomenon. VandeVord et al52 implanted porous chitosan scaffolds (DA 92%) in mice and 
found marked infiltration of neutrophils, which resolved with increasing implantation time. They 
suggested that unless some specific responses were caused by contaminating proteins from the 
source organism, those phenomenons were due to an inherent property of chitosan or its 
oligosaccharides that specifically interacted with neutrophil receptors. The authors concluded that 
although chitosan has a chemotactic effect on immune cells, this effect does not lead to a human 
immune response. Therefore, there were minimal signs of inflammatory reaction in the implanted 
sites and no evidence of infection or endotoxin was detected. That report was similar to the result 
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of our study where the PCL-CS scaffolds specifically induced some types of inflammatory cells 
without clinical signs of inflammation.  

                  Regarding the results of this study, the concept of MSMD scaffolding is still 
valuable in terms of obtaining the active properties of the filler material and the proper 
architecture design. The interconnecting pore systems of the MSMD scaffolds can allow vessel 
regeneration throughout their inner portions which can increase healing of their surrounding 
tissue and survival of the grafts. In addition, the MSMD technique allows other materials that 
have stable properties within the range of 100-120oC 32 to be combined with the PCL. Among 
those materials, bioactive biphasic calcium phosphate (HA:TCP), developed by our institute, is 
currently being experimented86and we plan to use this material  as a filler in the future.  
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Chapter 5 
 

Conclusion 
             

Efficacy of the PCL-20%CS MSMD scaffolds combined with autogenous bone 
marrow stromal cells for repairing calvarial defects is not superior to that of the scaffold alone. 
However, combinations with those cells allow better neovascularization and reduce inflammatory 
reaction within the scaffolds. The study also indicated that the filler of the MSMD scaffolds can 
express its activity in animal models. However, chitosan seems to be an inappropriate filler for 
the PCL-based scaffolds for repairing bone defects in vivo in terms of inducing specific 
inflammatory reactions.  
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Appendix 
 

Materials 
 
1. Equipments and instruments 
 1.1  Autoclave, Tomy, High-pressure steam sterilizer ES-315, Tomy Seiko 

  Co. LTD, Japan  
 1.2 Automatic pipette, JenconsTM Powerpipette Plus, Jencons Sciencetific 

  Ltd., UK             
 1.3 Centrifuge, Eppendorf centrifuge 5417 C, Eppendorf AG, Germany  

1.4 CO2 incubator, Thermo Forma series II, USA 
1.5 Cryogenic mill, Freezer/MillTM 6770, SPEX Sample Prep LLC, USA 
1.6 Dry bath incubator, EL-02-220, MS major science, Taiwan 
1.7 Inverted microscope, Nicon eclipse TS 100, Nicon instruments, Japan 
1.8 Liquid nitrogen tank, Model HC-34 Liquid Dewar, Taylor-Wharton, 
  USA 
1.9 Microflow laminar downflow workstation, Astec Microflow Model 
  ABS1200TCN,  Bioquell Lab, UK 
1.10 Micro-computed tomography, μCT35, Scanco Medical AG,  
  Switzerland  
1.11 Pipetter 100 - 1000 μL, Pipetteman GilsonTM, France  
1.12 Pipetter 20 - 200 μL, Pipetteman GilsonTM, France 
1.13 Pipetter 10 - 100 μL, Pipetteman GilsonTM, France 
1.14 Pipetter 2 - 20 μL, Pipetteman GilsonTM, France 
1.15  Refrigerated centrifugator, Hettich universal 320 R, Germany 
1.16 Scanning electron microscope, JSM-5200, JEOL LTD, Japan 
1.17 Slide-scanner, ScanScope, Aperio, USA 
1.18 Sputter Coater, SPI-Module TM, Model 11425, SPI supplies, USA 
1.19 Steriomicroscope, Nikon SMZ1500, Nikon instruments Inc., Japan 
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1.20 Testing sieve 75μm, Retsch GmbH, Germany 
1.21 Universal testing machine, Lloyd, LRX plus, Lloyd instruments LTD, 
  UK 
1.22 Weight meter, AdventurerTM, Electric balance Ohaus, Model AR2140, 
  Ohaus Corp.,  USA 

 
2. Disposable materials 
 2.1 Centrifuge tubes 50 ml, Cat. No. 373660, NUNCTM, Denmark 

2.2 Conical centrifuge tubes 15 ml, Cat. No. 366036, NUNCTM, Denmark 
2.3 Cryotube 1.8 ml internal thread, CryotubeTM, Cat. No. 377267,   
  NUNCTM, Denmark 

2.4 Microcentrifuge tubes 1.7 ml, Costar® , Cat. No. 3621, Corning Life 
  Sciences, USA 
2.5 Micropipette tips 1000 μL , Costar® , Cat. No. 4846, Corning Life  
  Sciences, USA 
2.5 Micropipette tips 1 - 200 μL , Costar® , Cat. No. 4845, Corning Life 
   Sciences, USA 
2.6 Micropipette tips 1 - 20 μL, Costar® , Cat. No. 4136, Corning Life  
  Sciences, USA 
2.7 Multidish 24-well plates, Nunclon Delta SI, Cat. No. 142475,  NUNCTM, 
  Denmark 
2.8 Multidish 48-well plates, Nunclon Delta SI, Cat. No. 150787,  NUNCTM, 
  Denmark 
2.9 Tissue culture flask 75 cm2, Nunclon DSI, Cat. No. 156472,  NUNCTM 
  Brand product,  Denmark 

2.10 Tissue culture flask 25 cm2, Nunclon DSI, Cat. No. 156346,  NUNCTM 
  Brand product,  Denmark 
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3. Chemical agents 
3.1 Absolute ethanol, Cat. No. 39420483, Merk, Germany 
3.2 Acetone, Cat. No. 179973, Sigma-AldrichTM, USA 
3.3 Alizarin red S, Cat. No. A5533-25G, Sigma-AldrichTM, USA 

3.4 Alkaline phosphatase kit, AMP Buffer, IFCC, Human Diagnostics  
  Worldwide, Germany 
3.5 Beta-glycerolphosphate disodium salt hydrate 100g, Cat. No. G-9891, 
  Sigma-AldrichTM, USA 
3.6 Chitosan Middle-viscous, M w 3 ×  105–5 ×  105, 75–85% deacethylation, 
  Cat. No. 28191,  Fluka-Sigma-AldrichTM, Japan 
3.7 Dexamethasone, Cat. No. D4902-25G, Sigma-AldrichTM, USA 
3.8 Fetal Bovine Serum (FBS), Cat. No. 10270-106-500 ml, Gibco,  
  InvitrogenTM, USA 
3.9 Fungisone/Amphothericin B, Cat. No. 15290-018-20 ml Gibco,  
  InvitrogenTM, USA 
3.10 Glutaraldehyde solution 25% in H2O fror use as SEM fixative, Cat. No. 
  G5882, Sigma-AldrichTM, USA 
3.11 L-ascorbic acid, Cat. No. 79-500G, Unilab, Australia 
3.12  Minimum essential medium alpha medium (α-MEM) powder with L-
  glutamine, ribonucleosides, Cat. No. 11900-016, Gibco, USA 
3.13 Penicillin 10,000 units/ml/Streptomucin 10,000 μg/ml, Cat. No. 15140-
  122-20 mg, Gibco, InvitrogenTM, USA 
3.14 Phosphate buffer saline 10X, Cat. No. 70013-073, Gibco, InvitrogenTM, 
  USA 
3.15 Poly-epsilon-Caprolactone pellets 250 G, M n 80,000 PC, Sigma  
  AldrichTM, USA 
3.16 Trypsin EDTA 0.5% 10x, Cat. No. 15400-54-100 ml, Gibco,  
  InvitrogenTM, USA 
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3.17 Trypan blue stain 0.4%, Cat. No. 15250-100 ml, Gibco, InvitrogenTM, 
 USA 

3.18 Vinyl polysiloxane, 3M ESPE, USA 
 

4. Softwares 
4.1 EndNote X5 for Windows, Thomson Reuters, Philadelphia, USA 
4.2 ImageScope, Aperio, USA 
4.2 µCT 35 Version 4.1, SCANCO Medical AG, Switzerland  
4.3 SPSS for Windows, version 14.0, SPAA Inc., USA 
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