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ช่ือวทิยานิพนธ์ การตอบสนองของเซลลส์ร้างกระดูกต่อโครงร่างท่ีเป็นส่วนผสมของโพลี
คาร์โปรแลคโตน และไบเฟสิคแคลเซียมฟอสเฟต ท่ีผลิตดว้ยวธีิใหม่       

ผู้เขียน      นายธรรมารักษ ์ ลัน่เตง้ 
สาขาวชิา  ศลัยศาสตร์ช่องปากและแมก็ซิลโลเฟเชียล 
ปีการศึกษา    2558 

 
บทคดัย่อ 

 
วัตถุประสงค์ เพื่อประเมินผลของแคลเซียมและฟอสเฟตไอออน ท่ีถูกปลดปล่อย

ออกมาจากโครงร่างท่ีเป็นส่วนผสมของโพลีคาร์โปรแลคโตน และ ไบเฟสิคแคลเซียมฟอสเฟต ท่ี
ผลิตดว้ยวิธีเมลทส์เตรทชิง และ มลัติแลยเ์ดพโพซิชนั แบบปรับปรุงใหม่ และผลของลกัษณะของ
โครงร่างต่อการเจริญเติบโต และ การเปล่ียนสภาพของเซลลส์ร้างกระดูก 

วัสดุและอุปกรณ์ ท  าการเตรียมโครงร่างดงักล่าวโดยแบ่งออกเป็น 5 กลุ่มทดลอง
ไดแ้ก่ กลุ่ม A เป็นอตัราส่วนโดยน ้ าหนกัของโพลีคาร์โปรแลคโตน ต่อ ไบเฟสิคแคลเซียมฟอสเฟต 
ท่ี 80 ต่อ 20 กลุ่ม B ใช้อตัราส่วน 70 ต่อ 30 กลุ่ม C ใช้โครงร่างท่ีมีส่วนผสมเป็นอตัราส่วนโดย
น ้ าหนกัของโพลีคาร์โปรแลคโตน ต่อ ไตรแคลเซียมฟอสเฟต ท่ี 80 ต่อ 20 กลุ่ม D ใชอ้ตัราส่วน 70 
ต่อ 30 และกลุ่ม E ใช้โครงร่างท่ีมีส่วนผสมเป็นโพลีคาร์โปรแลคโตนเพียงอย่างเดียว   ท าการวดั
ปริมาณของแคลเซียมและฟอสเฟตไอออน ท่ีถูกปลดปล่อยออกมาจากโครงร่างในกลุ่ม A ถึง D โดย
วดัความเขม้ขน้ของไอออนดงักล่าวในอาหารเล้ียงเซลลม์าตรฐานชนิด แอลฟา-เอ็มอีเอ็ม ท่ีแช่โครง
ร่างในกลุ่มดงักล่าวไวภ้ายในเวลา 30 วนั  จากนั้นศึกษาผลต่อเซลลส์ร้างกระดูกโดยออ้มโดยท าการ
ประเมินการเจริญเติบโต และการเปล่ียนสภาพของเซลล์สร้างกระดูกชนิด เอ็มซี 3 ที 3-อี1 ดว้ยวิธี
อีไลซ่า และการยอ้มสีผลึกแคลเซียมท่ีสร้างจากเซลล์ดว้ยอะลิซารินเรดเม่ือท าการเพาะเล้ียงเซลล์
ดงักล่าวดว้ยอาหารเล้ียงเซลลท่ี์แช่โครงร่างกลุ่มดงักล่าวไวภ้ายในเวลา 21 วนั โดยเปรียบเทียบผลกบั
กลุ่มควบคุม คืออาหารเล้ียงเซลล์ท่ีไม่ไดแ้ช่โครงร่าง ส่วนการศึกษาผลโดยตรงจะท าการเพาะเล้ียง
เซลลด์งักล่าวบนผวิของโครงร่างในกลุ่ม A  B และ E ภายในเวลา 30 วนั โดยแบ่งเป็นเล้ียงในอาหาร
เล้ียงเซลล์มาตรฐาน และในอาหารเล้ียงเซลล์ท่ีเพิ่มสารกระตุ้นการเปล่ียนสภาพเซลล์ เพื่อ
เปรียบเทียบการยึดเกาะ การเจริญเติบโต และการเปล่ียนสภาพของเซลล์บนโครงร่างดงักล่าวดว้ย
วธีิการอีไลซ่า และ การส่องดูดว้ยกลอ้งจุลทรรศน์อิเลกตรอนชนิดส่องกราด โดยใชก้ลุ่ม E เป็นกลุ่ม
ควบคุม  
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ผลการศึกษา โครงร่างในกลุ่ม A ถึง D สามารถปลดปล่อยแคลเซียม และ ฟอสเฟต
ไอออนออกมาไดต้ลอดเวลา 30 วนัท่ีท าการทดสอบ โดยอตัราการปลดปล่อยแคลเซียมไอออนจะ
สูงสุดในวนัท่ี 14-21 และ ฟอสเฟตไอออนในวนัท่ี 3-7 หลงัจากนั้นอตัราการปลดปล่อยจะลดลง 
เม่ือดูระดบัความเขม้ขน้สะสมของไอออนพบวา่ กลุ่ม A และ C สามารถปลดปล่อยฟอสเฟตไอออน
สะสมได้มากกว่ากลุ่ม B และ D อย่างมีนัยส าคญัทางสถิติ (p < 0.05) ในทุกช่วงเวลา ส่วนการ
ปลดปล่อยแคลเซียมไอออนสะสมจะไม่แตกต่างกนัในทุกกลุ่มทดลอง ส าหรับการศึกษาผลต่อเซลล์
โดยอ้อมพบว่า เม่ือดูการเพิ่มจ านวนของเซลล์ และการเปล่ียนสภาพของเซลล์โดยวดัจากจาก
ปริมาณอลัคาไลน์ฟอสฟาเตส และ ออสทีโอแคลซินของทุกกลุ่มทดลองพบว่ามีความสัมพนัธ์กบั
ปริมาณไอออนสะสมท่ีปลดปล่อยออกมาของโครงร่าง โดยการเจริญเติบโตของเซลล์ในทุกกลุ่ม
ทดลองซ่ึงลดลงในวนัท่ี 7 จะสัมพนัธ์กับการปลดปล่อยฟอสเฟตไอออนท่ีสูงสุดในช่วงเวลา
ดงักล่าว และตั้งแต่วนัท่ี 14 การเจริญเติบโตของเซลล์ท่ีเพิ่มข้ึนอยา่งต่อเน่ืองจนถึงระดบัสูงสุดใน
วนัท่ี 21 จะสัมพนัธ์กบัการปลดปล่อยแคลเซียมไอออนท่ีเพิ่มข้ึนและฟอสเฟตไอออนท่ีลดลง ส่วน
ปริมาณอลัคาไลน์ฟอสฟาเตสในกลุ่ม A และ D จะเพิ่มข้ึนตามเวลา โดยตั้งแต่วนัท่ี 14 ค่าดงักล่าว
ของกลุ่ม A จะมากกวา่กลุ่มอ่ืน ๆ และมากกวา่อยา่งมีนยัส าคญัทางสถิติในวนัท่ี 21 (p < 0.05)  ส่วน
ค่าใน B และ C ค่อนขา้งคงท่ีตลอดระยะเวลา 21 วนั เม่ือประเมินระดบัออสทีโอแคลซินพบวา่ ค่า
ในกลุ่ม A และ B จะค่อนขา้งคงท่ีใน 14 วนัแรก และจะเพิ่มข้ึนอยา่งชดัเจนในวนัท่ี 21 ส่วนค่าใน
กลุ่ม C และ D จะค่อนขา้งคงท่ีตลอดระยะเวลาท่ีศึกษา โดยค่าในกลุ่ม C จะมากกวา่กลุ่มอ่ืน ๆใน 14 
วนัแรก แต่ค่าในกลุ่ม A จะมากกว่ากลุ่มอ่ืน ๆ ในวนัท่ี 21 ส าหรับการวดัปริมาณผลึกแคลเซียมท่ี
สร้างจากเซลลพ์บวา่ ทุกกลุ่มทดลองจะค่อนขา้งคงท่ีในช่วง 14 วนัแรก และเพิ่มข้ึนอยา่งชดัเจนใน
วนัท่ี 21 ซ่ึงมากกวา่ค่าในกลุ่มควบคุมท่ีเล้ียงในอาหารเล้ียงเซลลม์าตรฐานอยา่งมีนยัส าคญัทางสถิติ 
(p < 0.05) แต่ยงัคงน้อยกว่าเซลล์ท่ีถูกเล้ียงในอาหารเล้ียงเซลล์ท่ีเพิ่มสารกระตุน้การเปล่ียนสภาพ
เซลลใ์นทุกช่วงเวลา ส าหรับการศึกษาผลโดยตรงพบวา่ เม่ือดูดว้ยกลอ้งจุลทรรศน์อิเลกตรอนชนิด
ส่องกราด เซลลส์ร้างกระดูกท่ีท าการเพาะเล้ียงบนพื้นผิวของโครงร่างในกลุ่ม A B และ E มีการยึด
เกาะ และเจริญเติบโตไดเ้ป็นอยา่งดี โดยในอาหารเล้ียงเซลลม์าตรฐาน การเจริญของเซลลใ์นกลุ่ม A 
จะเพิ่มตามเวลาจนมีค่าสูงสุดในวนัท่ี 30 ส่วนในกลุ่ม B จะเพิ่มจนมีค่าสูงสุดในวนัท่ี 14 หลงัจาก
นั้นจะลดลง นอกจากนั้นจะพบว่า ค่าดงักล่าวในกลุ่ม A และ B จะมากกวา่กลุ่ม E ในทุกช่วงเวลา 
ส่วนในอาหารเล้ียงเซลล์ท่ีเพิ่มสารกระตุน้การเปล่ียนสภาพเซลลพ์บวา่ กลุ่ม A และ B มีอตัราการ
เพิ่มจ านวนของเซลล์ไม่ค่อยชัดเจนแต่ยงัคงมากกว่ากลุ่ม E ยกเวน้เฉพาะในวนัท่ี 21 เม่ือดูระดบั
ของอลัคาไลน์ฟอสฟาเตสของเซลล์เม่ือเล้ียงในอาหารเซลลเ์ล้ียงมาตรฐาน พบวา่ ค่าในกลุ่ม A และ 
B จะสูงใน 7 วนัแรก และจะลดลงในวนัท่ี 14 ถึง 21 หลงัจากนั้นจะเพิ่มข้ึนอยา่งชดัเจนอีกคร้ังใน 
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วนัท่ี 30 เม่ือดูค่าดงักล่าวในอาหารเล้ียงเซลล์ท่ีเพิ่มสารกระตุน้การเปล่ียนสภาพเซลลพ์บวา่ ค่าใน
กลุ่ม A และ B จะเพิ่มข้ึนตามเวลาจนมีค่าสูงสุดในวนัท่ี 14 หลงัจากนั้นจะค่อนขา้งคงท่ี เม่ือดูระดบั
ของออสทีโอแคลซินของเซลล์เม่ือเล้ียงในอาหารเล้ียงเซลล์มาตรฐาน พบวา่ ค่าของกลุ่ม A และ B 
จะมีค่าค่อนขา้งคงท่ีใน 21 วนัแรก และจะเพิ่มข้ึนอยา่งชดัเจนในวนัท่ี 30 ในขณะท่ีค่าในกลุ่ม E จะ
ค่อนขา้งคงท่ีตลอด 30 วนั และเม่ือเล้ียงเซลลใ์นอาหารเล้ียงเซลลท่ี์เพิ่มสารกระตุน้การเปล่ียนสภาพ
เซลล์พบว่า ในกลุ่ม A และ B พบลกัษณะการเพิ่มของระดบัออสทีโอแคลซินคลา้ยกบัการเล้ียงใน
อาหารเล้ียงมาตรฐาน ส่วนในกลุ่ม E จะมีค่าเพิ่มข้ึนเล็กนอ้ยในวนัท่ี 30 เป็นท่ีน่าสนใจวา่ค่าของตวั
บ่งช้ีการเปล่ียนสภาพของเซลล์ทั้งสองชนิดน้ีของกลุ่ม A และ B จะมากกวา่ค่าในกลุ่ม E ในเกือบ
ทุกช่วงเวลาท่ีศึกษา ไม่วา่จะเล้ียงเซลล์ในสภาวะมาตรฐาน หรือ สภาวะท่ีมีการกระตุน้การเปล่ียน
สภาพเซลล ์   

สรุปผลการศึกษา  โครงร่างท่ีเป็นส่วนผสมของโพลีคาร์โปรแลคโตน และ ไบเฟ
สิคแคลเซียมฟอสเฟต ท่ีผลิตดว้ยวิธีเมลทส์เตรทชิง และ มลัติแลยเ์ดพโพซิชนั แบบปรับปรุงใหม่ 
สามารถปลดปล่อย แคลเซียม และ ฟอสเฟต ไอออน ซ่ึงมีส่วนส าคญัต่อการเจริญเติบโต และ การ
เปล่ียนสภาพของเซลล์สร้างกระดูกไดต้ลอดระยะเวลา 30 วนัซ่ึงเป็นระยะเวลาปกติของการสร้าง
กระดูกใหม่ โดยโครงร่างท่ีมีไบเฟสิคแคลเซียมฟอสเฟตผสมอยู่ร้อยละ 20 สามารถปลดปล่อย
ไอออนในปริมาณท่ีเหมาะสมต่อการส่งเสริมการเปล่ียนสภาพของเซลลส์ร้างกระดูกทั้งในช่วงตน้ 
และ ช่วงปลาย ไดดี้กวา่โครงร่างท่ีปริมาณไบเฟสิคแคลเซียมฟอสเฟตอยูร้่อยละ 30 ส่วนผลต่อการ
เจริญเติบโตของเซลลน์ั้นไม่แตกต่างกนัอย่างมีนยัส าคญัทางสถิติ นอกจากนั้นลกัษณะรูปร่างของ
โครงร่างท่ีผลิตด้วยวิธีการน้ียงัมีความเหมาะสมต่อการยึดเกาะ การเจริญเติบโต และการ
เปล่ียนแปลงสภาพของเซลลส์ร้างกระดูก โดยโครงร่างโพลีคาร์โปรแลคโตนท่ีมีไบเฟสิคแคลเซียม
ฟอสเฟตเป็นส่วนผสม จะมีความเหมาะสมต่อการการเจริญเติบโต และการเปล่ียนสภาพของเซลล์
มากกวา่โครงร่างท่ีไม่มีส่วนผสมดงักล่าว  
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Abstract 
 

Objectives: To evaluate effects of calcium and phosphate ions releasing from the 
Polycaprolactone (PCL)-Biphasic Calcium Phosphate (BCP) scaffolds fabricated by modified Melt 
Stretching and Multilayer Deposition (mMSMD) technique and the scaffold architectures on 
proliferation and differentiation of osteoblasts.  

Materials and Methods: The scaffolds were prepared as group A; PCL-20%BCP 
(%wt), group B; PCL-30%BCP, group C; PCL-20% Tricalcium Phosphate (TCP), group D; PCL-
30% TCP and group E; 100% PCL. Amounts of calcium and phosphate ions released from the 
scaffolds of group A-D, which immersed in the proliferation culture medium (PR, Alpha-MEM) 
were assessed over 30 days. For the indirect cytocompatibility test, the effects of those ions on 
proliferation and differentiation of osteoblasts cell lines (MC3T3-E1) were assessed by using 
ELISA and mineralized matrix staining (Alizarin Red S staining, AR) after culturing the cells in 
the medium with the immersed scaffolds over 21 days. The PR medium and osteogenic culture 
medium (OS, Alpha-MEM + inductive reagents) alone were used as the control groups. For direct 
cytocompatibility test, the cell-scaffold constructs of group A, B and E were made by seeding the 
cells on the scaffold surfaces and cultured in PR and OS mediums for 30 days, whilst, the scaffolds 
of group E were used as the control group. Proliferation and differentiation of those cells cultured 
in both mediums were assessed using ELISA and Scanning Electron Microscope (SEM).  

Results: Scaffold in group A-D could sustain release of calcium and phosphate 
ions over 30 days. The maximum releasing rates of calcium ion were detected on day 14 – 21, 
whilst, those of phosphate ion were detected on day 3 - 7. For cumulative release of the ions, the 
scaffolds of group A and C released phosphate ion significantly higher than group B and D over 
the time points (p<0.05), whilst, the profiles of calcium ion among the groups were not significantly 
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different. For the indirect cytocompatibility test of group A – D, proliferation and differentiation 
markers of the cells detected by measuring the levels of Alkaline Phosphatase (ALP) and 
Osteocalcin (OCN) seemed to relate to the profiles of the cumulative concentrations of the ions. 
The proliferation of the cells in all groups decreased on day 7 relating to the maximum releasing of 
phosphate ion, whilst, an increase of proliferation of the cells thereafter would relate to the releasing 
profiles of calcium ion.  The ALP activities of group A and D increased with time and the level of 
group A was significantly higher than the other groups on day 21(p<0.05), whilst, those of group 
B and C were stable over 21 days. The levels of OCN in group A and B were stable during the first 
14 days, and then, remarkably increased on day 21, whereas, those of group C and D were stable 
over the observation period. It was found that the levels of OCN in group C were greater than those 
of other groups on the first 14 days, whereas, the levels in group A was higher than the other groups 
on day 21. The levels of the solubilized AR staining of all groups were stable during the first 14 
days, and then, remarkably increased on day 21. At that time, those levels were significantly greater 
than that of the PR medium (p<0.05), but, still less than that of the OS medium. For the direct 
cytocompatibility test, the SEM images demonstrated that the osteoblast cells could attach and grow 
well on the surfaces of the scaffolds of group A, B, and E. In the PR medium, the viable cell 
numbers in group A increased with time and reached the maximum level on day 30, whereas, those 
in group B reached the maximum level on day 14, and then, decreased thereafter. It was noted that 
the growth of the cells in group A and B were higher than that of group E over the time points. In 
the OS medium, the proliferation rates of group A and B were not stable, but still higher than those 
of group E, except only on day 21. The ALP activities in group A and B when cultured in the PR 
medium were detected at the high levels on the first 7 days, then decrease on day 14 - 21 and became 
remarkably increasing on day 30. In the OS medium, the ALP activities of group A and B increased 
with time and reached the maximum levels on day 14, and then became stable thereafter. The OCN 
levels of group A and B were stable during the first 21 days, and then, they remarkably increased 
on day 30 when cultured in the PR medium, whereas, those of group E were stable over 30 days. 
In the OS medium, the profiles of OCN in all groups were similar to those in the PR medium, 
whereas, those of group E slightly increased on day 30. It was noted that those osteoblastic 
differentiation markers of group A and B were higher than those of group E in almost all time points 
over the observation period whether cultured in the PR or OS medium. 



x 
 

Conclusion: The PCL-BCP mMSMD scaffolds can sustain release of calcium and 
phosphate ions which are essential for supporting the functions of the osteoblasts over the period 
of bone formation. The PCL- 20% BCP scaffolds can release the ions in the proper concentrations 
for enhancing the entire phased of the osteoblastic differentiation better than the PCL-30%BCP 
mMSMD scaffolds did, whereas, the effects on the cell proliferation are not statistically different. 
In addition, the morphologies of the PCL-BCP mMSMD scaffolds are more suitable for supporting 
attachment, growth and differentiation of the osteoblast cells than those of the scaffolds without the 
BCP filler.  
 

Keywords: Scaffold, Polycaprolactone, Biphasic calcium phosphate, 
Hydroxyapatite, Tricalcium phosphate, calcium ion, phosphate ion 
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1. Introduction 
 
                For several decades, using autogenous bone grafting for reconstructing large bone 
defects in the maxillofacial region has been considered to be the gold standard, nevertheless, its 
requiring donor site operations that sometimes increases patient morbidities. Therefore, several oral 
surgeons require some synthetic biodegradable scaffolds used as bone substitutes instead of the 
autogenous bone for those purposes. Ideally, the scaffolds should act as temporary matrices for 
extracellular matrix deposition until new bone is totally restored. The rate of degradation of the 
scaffolds should be commensurate with the bone regeneration, whilst, their mechanical strength should 
be maintained during that period. In addition, their structures should consist of appropriate pore size 
and interconnecting pore systems for transporting nutrition and allowing bone cell in-growth 
throughout the scaffolds (1). Since 2011, our research team has developed the technique of Melt 
Stretching and Multilayer Deposition (MSMD) specifically for fabricating the biodegradable polymer-
based scaffolds (2-4). The MSMD scaffolds are designed to have the appropriate interconnecting pore 
system for enhancing osteogenesis. The microgroove pattern, typically found on their surfaces has 
proved to support attachment of osteoblasts (2). 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 region(3). Recently, to make that fabricating process more practical, the steps of the 
MSMD technique are simplified and it is renamed “modified MSMD (mMSMD)”. A three-dimensional 
(3-D) scaffold can be fabricated only by compressing a single filament into a glass mold and immersing 
in warm water. The mMSMD technique is easier to process which allowing any surgeons to instantly 
build up the 3-D scaffolds on the chair side of surgical operations. Therefore, time spending for the 
processing is remarkably reduced. In addition, fabricating the scaffold within the glass mold is a close 
environment that can prevent contamination during the processing. For the materials, the concept of 
melt blending of two materials including Poly ε-caprolactone (PCL) as a major component and 
Biphasic Calcium Phosphate (BCP) as a filler, is used for fabricating the composite scaffold. Poly ε-
caprolactone has been approved by Food and Drug Administration (FDA) as a medical and drug 
delivery device, with extensive support both in vitro and in vivo studies (5-10). It is degraded by a 
hydrolytic mechanism under physiological conditions and produces a less acidic environment when 
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compared to other polyesters. However, PCL normally takes more than 24 months for complete 
degrading, which is not commensurate with the bone remodeling process (11). Biphasic Calcium 
Phosphate is a combination of a stable phase of hydroxyapatite (HA) and a soluble phase of beta-
tricalcium phosphate (TCP) in different concentrations that offering controlled bioactivities and 
balanced biodegradation (12). Bioactivities, mechanical properties and degradation behaviors of BCP 
are controlled by varying the ratios of the HA and TCP. With the higher ratios the TCP, the higher 
degradation rates can be archived, on the other hand, with the more composition of HA, BCP has better 
mechanical strength. In addition, BCP can prolong release of calcium and phosphate ions as well as 
forming hydroxyl carbonate apatite layer which are essential for the process of new bone formation 
(13, 14). Present of HA on surfaces of scaffolds can also change their surface charges and promote 
absorption of proteins and other molecules from surrounding environment (15-17). In bone tissue, the 
proteins such as osteopontin, bone sialoprotein, and osteocalcin are able to recognize HA through 
highly acidic domains, resulting in promoting attachment, proliferation and differentiation of 
osteogenic cells which subsequently forming new bone (15, 18-21). Additionally, the releasing calcium 
ion is able to neutralize the adverse acidic by-products during degradation of the polyester-based 
scaffolds (15, 22-24). Although the various ratios of the BCP have been studied extensively, its 
optimum ratio for bone tissue engineering and clinical applications is still obscure. Most of the previous 
studies fabricated BCP using the ratios of HA higher than TCP which is mainly for improving the 
mechanical stability of the material, however, some studies demonstrated better results of the BCP 
containing high ratios of TCP (25-28). Arinzeh, et al (25) performed an in vivo study to determine the 
optimum ratios of HA and TCP for supporting human Mesenchymal Stem Cells (hMSC) and inducing 
bone formation. Six types of ceramic including 100% HA, 100% TCP and BCP with the ratios of 
HA/TCP at 76/24, 63/37, 56/44, and 20/80 were seeded with hMSC and implanted subcutaneously into 
the backs of the immunodeficient genetically disordered mice. The authors found that the BCP 20/80 
had the better results when compared with the other proportions of the higher ratios of HA. Lomelino, 
et al (26) evaluated suitability of the BCP granules (TCP/HA = 70:30) as potential carriers for cell-
guided bone therapy. Calvarial bone defects (5 mm in diameter) of Wistar rats were filled with 
autogenous bone graft, the BCP granules combined with human bone cells and the BCP granules alone. 
After 45 days, the new bone formation of the defects filled with the combination of the BCP granules 
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and the cells were similar to those filled with the autogenous bone. Although the amounts of new bone 
formation in the group of BCP granules alone were less than those of the other groups, no significant 
difference was detected. Recently, in cooperation with The National Metal and Materials Technology 
Center of Thailand (MTEC), BCP particles were prepared as bone substitutes in different compositions 
of HA/TCP including 30/70, 40/60 and 50/50 (28). Proliferation and differentiation of mouse osteoblast 
cells (MC3T3-E1) responding to those particles was assessed in vitro over 19 days. The results 
indicated that the cells which were seeded on the BCP 30/70 grew faster and expressed the highest 
alkaline phosphatase activity earlier than the other groups, whereas, the highest osteocalcin activity was 
detected in the group of 50/50 followed by 30/70 and 40/60 respectively. Therefore, it implies that the 
BCP containing a higher ratio of TCP (30/70) would support proliferation and the early phase of 
differentiation of the osteoblast cells, whilst, higher HA ratios (50/50) would support the later phase. 
Those effects would be due to calcium and phosphate ions, which can be released from the BCP particle. 
Ma, et al (29) monitored dissolution behaviors of those ions released from plasma-sprayed HA coatings 
coating disks and assessed their effects on osteoblast precursor cell lines. The authors concluded that 
the cells responded differently to the different concentration of calcium and phosphate in the medium. 
In the present study, BCP 30/70 was considered to be the filler in the PCL-based scaffolds, not only for 
increasing bioactivities but also for improving degradation property of the scaffolds. Regarding the 
mMSMD technique, BCP, which being stable at the temperature between 100-120oC, is appropriate for 
the melt blending with PCL and the monofilaments of PCL-BCP blends can be fabricated 
homogenously via an extruding machine (2). This study aimed to evaluate bioactivities of the PCL-
BCP scaffolds which being composed of various ratios of PCL/ BCP for supporting growth and 
differentiation of the bone-forming cells. In addition, relations between the releasing ions from the 
scaffolds and responses of the cells were assessed and discussed.  
 
Background 
Physical characteristics of the PCL-BCP mMSMD scaffolds 
The morphologies  

Similar to the MSMD technique, the maximum amounts of the BCP filler are not 
exceed 30% due to an increase of fracture of the filaments (2). Regarding the previous study (30), the 
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PCL-BCP scaffolds using the ratios of PCL: BCP = 80:20 (PCL-20%BCP) and 70:30 (PCL-30%BCP) 
has acceptable physical properties and good biocompatibility for using as bone substitutes. The 
architectures of the scaffolds consist of the large interconnecting pore system and high porosity (65.73 
± 5.02 %) which are considered to be appropriated for new bone regeneration (31-33) (Figure 1). 

 
 
 

 

 
 

 

 
  
 
 
 
 
 

Figure 1  The stereomicroscope images demonstrate the morphologies of the PCL-BCP 
scaffold; A: superior view, B: lateral view, C: cross-sectional view and D: the 
magnified picture focuses on the rough surface architecture of the scaffold.  

 
The mechanical properties  

Regarding the previous study (30), the mechanical properties of the scaffolds were 
assessed using a universal testing machine. The result demonstrates that their mechanical properties 
are similar to those of the MSMD scaffolds as previously reported (3). The scaffolds have high elasticity 
and they can tolerate the compressive forces in the superior directions equal to the normal bite force. 
The profiles of the mechanical properties of the PCL-BCP mMSMD scaffolds, human bone, and the 

B 
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pure PCL MSMD scaffolds are comparatively demonstrated in table 1. The data shows that the 
compressive strength of the mMSMD scaffolds is comparable to that of the human cancellous bone. In 
addition, their properties are similar to those of the PCL MSMD scaffolds.  
 
Table 1.   The table shows the mechanical profiles of the human bone (34), the pure PCL MSMD      

scaffolds (2, 3) and the PCL-BCP mMSMD scaffolds. The compressive strength of 
PCL-BCP mMSMD scaffolds is comparable to the human cancellous bone and there 
is no statistical difference of mechanical properties among the three types of scaffolds.  
 

 Young’s modulus (MPa) Compressive strength (MPa) 
Cortical bone 7000-30000 100-200 
Cancellous bone 50-500 2-12 
PCL MSMD scaffolds 13.05±0.7 2.78±0.04 
PCL- 20%BCP mMSMD scaffolds  15.38±0.46 3.61±0.1 
PCL- 30% BCP mMSMD scaffolds  17.72±3.61 3.83±0.19 

 
The degradation behaviors 

Regarding the previous study (35), the degradability of the scaffolds was evaluated in 
vitro.  The degradability test was done by immersing those scaffolds in the simulated body fluid (SBF) 
for 60 days, whilst, the in vivo experiment (pending for publication) was done by implanting those 
scaffolds subcutaneously in the back of male Wistar rats for 60 days. The result in vitro showed that 
the PCL-20%BCP scaffolds had slow degradation rate (weight loss = 1.91±0.47% on day 60). In 
contrast, the in vivo degradation rates of the scaffolds were rapidly increased with time (volume lost= 
30.06±6.04% on day 60) which was significantly higher than in vitro (p<0.05). The slow degradation 
property of the PCL- BCP scaffolds is still an advantage because the strength of the scaffolds can be 
maintained as supportive structures over the entire periods of complete bone remodeling which usually 
takes around 6 months. In addition, their slow degradation could sustain longer releasing of calcium 
and phosphate ions, which are essential for bone regeneration.      
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The capability of release calcium and phosphate ions 
Those ions are considered to be the very important factors for enhancing new bone 

formation supported by several previous studies(33, 36-40). Regarding the previous study(30), the 
PCL-BCP scaffolds could maintain releasing calcium and phosphate ions throughout 30 days when 
immersed in double distilled water (dH2O) (Figure 2). Although the maximum releasing of the ions was 
detected on day 7 and the rates of releasing decreased thereafter, the amount of those ions was still 
cumulatively increased with time.  
 

 

 
 
Figure 2  A and C; the graphs demonstrate the profiles of calcium and phosphate ions releasing 

in dH2O over 30 days. The maximum release of both ions were detected on day 7 
which was significantly greater than the other days (*; ANOVA, p < 0.05), and then, 
the release gradually decreased thereafter. B and D; the graphs demonstrate 
cumulative the release of the ions over 30 days. The accumulation of the releasing 
ions from the scaffolds increased with time. 
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 A 
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Hypothesis 
                The PCL-BCP mMSMD scaffolds are biocompatible and they can sustain releasing 
of the essential calcium and phosphate ions which indirectly support growth and differentiation of the 
osteoblasts. The architectures of those scaffolds are suitable for proliferation and differentiation of the 
cells directly attaching on the scaffolds. In addition, the percentages of the BCP filler in those scaffolds 
would affect those properties.  
 
Objectives of the study 

The PCL-20%BCP and PCL-30%BCP mMSMD scaffolds were comparatively 
assessed as follows: 

- Capability to release calcium and phosphate ions  
- Effects of the releasing ions and the scaffold architectures on proliferation and 

differentiation of the osteoblast cells  
 
Benefit of the study 
               To provide a scientific knowledge of the PCL-BCP mMSMD scaffolds being used for 
bone tissue engineering and used as the bone substitutes 
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2. Materials and Methods 
 

Scopes of the study 
               The in vitro experiments were performed for evaluating the releasing profiles and the 
amounts of calcium and phosphate ions released from the PCL-BCP mMSMD scaffolds. The indirect 
cytocompatibility test was performed for investigating the effects of those ions on the proliferation and 
differentiation of the osteoblast cells (MC3T3-E1); by measuring the levels of specific markers of the 
cells. The direct cytocompatibility test was performed for measuring those markers from the cell-
scaffold constructs to assess the capability of cells to growth and differentiate on the scaffold surfaces. 
The scaffolds as the following ratios of PCL: BCP were fabricated for the experiments; group A; 80:20 
(PCL-20%BCP) and group B; 70:30(PCL-30%BCP), the positive control groups; group C using PCL: 
TCP= 80:20 (PCL-20%TCP) and group D=70:30 (PCL-30%TCP) and the negative control group; 
group E using PCL 100% (pure PCL).  

Scaffold fabrication 
                 The PCL-BCP scaffolds were fabricated using the mMSMD technique as follows. In 
brief, PCL pellets (Mn 80,000 PC, Sigma-Aldrich, USA) and BCP particles (HA: β-TCP 30/70, particle 
sizes< 75 µm, MTEC, Pathumthani, Thailand) were used as raw materials. The two materials were 
mixed together in the ratios of PCL: BCP = 80:20 and 70:30 by weight and melted in the melting-
extruding machine (2). The PCL-BCP monofilaments were made by extruding the PCL-BCP blend 
through the nozzle tip of the machine. Afterwards, the filaments were stretched to decrease their 
diameters and then they were stocked for fabricating the scaffolds. To fabricate each 3-D scaffold 
(Figure 3), the single filament was cut into 50 cm in length and put into a 5 cc-glass syringe, and then, 
the plunger of the syringe was pushed until reaching the reference point of 3 mm above the bottom of 
the syringe. The tip of the syringe was sealed by polyvinyl siloxane (3M ESPE, USA), and then, 
immersed into warm dH2O. By using this technique, contacted surfaces of the filaments could be fused 
together and a 3-D scaffold (diameter: 11 mm, height: 3 mm) was built. The PCL-TCP and pure PCL 
scaffolds were fabricated by mixing of the PCL pellets and TCP particles (100% TCP, particle sizes< 
75 µm, MTEC, Pathumthani, Thailand) or using 100% of the PCL pellets and their processing was the 
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same as described above. Morphologies of the scaffolds of all groups were demonstrated in figure 1, 4 
and 5. The scaffolds were sterilized using ethylene oxide gas 2 weeks prior to the experiments. 
 
 
    
 
 
 
 
 
 
Figure 3  The fabrication process of the PCL-BCP scaffolds using the mMSMD technique; A: 

the PCL-BCP filament was put into a glass mold and compressed, B: the mold was 
immersed in warm dH2O allowing the contact points of the filament to fuse together 
and form a 3-D scaffold. 

 
 
 
 
 
 
 
 
 
 
 
 
 

  

A B 



10 
 

  

    

   

Figure 4  The stereomicroscope images demonstrate the morphologies of the PCL-TCP 
scaffold; A: superior view, B: lateral view, C: cross-sectional view and D: the 
magnified picture focuses on the rough surface architecture of the scaffold.  

   

   

Figure 5  The stereomicroscope images demonstrate the morphologies of the pure PCL scaffold; 
A: superior view, B: lateral view, C: cross-sectional view and D: the magnified picture 
focuses on the scaffold surfaces.  
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Release of Calcium and Phosphate ions  
  The scaffolds of group A-D were left in proliferation culture medium [PR, Alpha-
Minimum Essential Medium (α-MEM; Gibco, Invitrogen, USA) containing 10% fetal bovine serum 
(FBS) (Gibco, Invitrogen, USA), 10000 units/ml penicillin/streptomycin (Gibco, Invitrogen, USA), and 
250 µg/mL fungizone (Gibco, Invitrogen, USA)] (n=25/group) for detecting the release of calcium and 
phosphate ions over 30 days. In brief, the scaffolds were immersed in 2 mL of the medium per well of 
a tissue culture plate, whilst, the proliferation medium and the osteogenic medium [OS, the proliferation 
medium supplemented with 10 mM β-glycerophosphate (Sigma, USA), 10-7 M dexamethasone (Sigma, 
USA) and 50 µM ascorbic acid-2 phosphate (Sigma, USA)] without the scaffolds were used as control 
groups. The plate was incubated at a constant temperature of 37◦C, and on day 3, 7, 14, 21 and 30 
thereafter, the scaffolds were moved to the next wells and the fresh medium was added. The solution 
of each previous well was collected for measuring calcium and phosphate ions using a Calcium and 
Phosphate Colorimetric Assay Kit (Biovision, USA) (n=5/group/time point/testing). To detect the 
calcium ion, 90 μL of the Chromogenic Reagent and 60 μL of the buffer solution were added into 50 
μL of each sample solution and mixed gently in a 96-well plate. The plate was incubated away from 
light for 5 min at room temperature. The absorbance (OD) of the chromophore was measured using a 
microplate reader (Thermo Fisher Scientific, Germany) at 575 nm. To detect the phosphate ion, 200 
μL of the sample solutions were placed in the 96-well plate. Thirty microliters of phosphate reagent 
were added to each well and mixed gently, and then, the plate was incubated at room temperature for 
30 min. The absorbance of Malachite Green and Ammonium Molybdate, which formed a chromogenic 
complex with phosphate ions, was measured at 700 nm. The levels of OD were compared with a 
standard curve to calculate the concentrations of calcium and phosphate released from the scaffolds.  
 
Cytocompatibility tests 

1. Cell culture 
          Osteoblast cell lines (MC3T3-E1, subclone 4, ATCC, USA) were grown in the 
proliferation medium. The cells were cultivated in 5% CO2 at 37 ◦C until reaching confluence, and then, 
subculturing was conducted. The cells between passages 3–6 were used for the experiments.  
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2. Indirect cytocompatibility test  
               The experiments were performed in order to evaluate an influence of the releasing 
ions from the scaffolds on proliferation and differentiation of the osteoblast cells. The schematic 
diagram of the tests was demonstrated in figure 6. On day 21, 14, 7 and 3 prior to the experiment, 1 x 
104 cells were seeded into each well of the 48- well culture plates and then 200 μL of the PR medium 
were added (n=5/ group/ time point/ testing). The plates were left for 3 h in 5% CO2 at 37◦C to allow 
the cells to attach. Afterwards, the scaffolds of group A-D were immersed into each well and secured 
as close as possible to the bottom of the well. The wells of the PR and OS medium without the scaffolds 
were reserved for the control groups (n=5/medium/time point/testing). The plates were cultivated in 
5% CO2 at 37◦C and the medium was changed every 3 days until the experiments.  

2.1 Cell proliferation 
               On the day of the experiment, the cell proliferative reagent (WST-1; Roche, Germany) 
was used to measure an activity of mitochondrial dehydrogenases for reflecting the number of viable 
cells as per the following protocol. For each well, the scaffold and the culture medium were removed 
and replaced with 200 μL of the fresh culture medium without FBS and 20 μL of WST-1 solution. The 
well plates were incubated for 4 h in 5% CO2 at 37◦C. After that, 100 μL of the solution of each well 
was transferred to a 96-well plate in duplicate and the absorbance of the formazan product of each well 
was measured at 440 nm using a micro-plate reader. The levels of OD were compared with a standard 
curve to infer the amounts of the cells.  

2.2 Cell differentiation 
              On the day of experiment, after removing the medium and the scaffold, the cells on 
the bottom of each well were washed two times using PBS, and then, they were lysed by freezing and 
thawing for three cycles (1 cycle: at - 20 oC for 15 min and at room temperature for 15 min). After that, 
200 µL of 1% Triton X-100 (Sigma, USA) in PBS were added and the mixtures were transferred into 
micro-centrifuge tubes. All tubes were centrifuged at 2000 x g for 10 min, and then, the supernatant of 
each tube was collected and kept at -80 oC as the cell lysis solution used for an analysis of total cellular 
protein content, alkaline phosphatase activity (ALP) and osteocalcin (OCN) assay. The quantification 
of total protein in the solutions were performed according to the manufacturer’s instructions (Bio-Rad 
protein assay, USA) based on the method of Bradford. The absorbance at 750 nm was read using the 
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micro-plate reader. The ALP activities were measured according to instructions using the commercial 
kit of Alkaline Phosphatase, AMP Buffer (Human, Germany) according to the recommendation of the 
International Federation of Clinical Chemistry (IFCC). Levels of the activity were calculated per one 
milligram of the total cellular protein [(U/L)/mg protein]. Quantification of OCN was performed 
according to the manufacturer instructions using the commercial kit of osteocalcin enzyme-linked 
immunosorbent assay (Biomedical Technologies Inc., USA). The solutions were read at 450 nm 
absorbance using the microplate reader and their concentrations were calculated with the serial diluted 
standard solution. The OCN levels were demonstrated as ng/mg protein. 

2.3 Matrix mineralization 
               The mineralization of the osteoblast cells were investigated by using Alizarin red S 
staining (AR) (41). On the day of the experiment, the cells were fixed with 4% formaldehyde for 10 
min, and then, they were washed with distilled water and covered with a 2% Alizarin red S solution 
(Sigma, USA) for 5 min. After that, unincorporated dye were washed many times with distilled water 
and the stained spots of calcification were observed via a light microscope. To quantify the 
mineralization (42), the stained cells were incubated with 100 mM /L cetylpyridinium chloride (Sigma-
Aldrich, USA) for 1 h in order to solubilize the calcium bound AR. The solutions were collected and 
read as units of AR released [1 unit is equivalent to 1 unit optical density at 570 nm measured using the 
micro-plate reader].  
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Figure 6   The indirect cytocompatibility test was done by assessing proliferation and 

differentiation of the osteoblast cells seeded on tissue culture plates and cultured in 
PR medium containing overlying scaffolds. On the culture days 3, 7, 14 and 21, 
proliferation and differentiation of those cells were evaluated by using WST-1 assay, 
measurements of ALP, OCN and AR. PR and OS mediums alone were used as the 
control groups.  
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3. Direct cytocompatibility tests  
                 The tests were performed for evaluating the capability of osteoblast cells to growth 
and differentiate on the scaffold surfaces. The schematic diagram of this part was demonstrated in figure  

 
Preparing the cell-scaffold constructs   

     Prior to cell seeding, the scaffolds of group A, B and D were immersed in fresh PR 
medium for 24h. On day 30, 21, 14, 7 and 3 prior to the testing, the cell-scaffold constructs were made 
be seeding 2 x 105 osteoblast cells onto each scaffold using the static seeding method (n = 59/ group) 
(43). To ensure the seeding density of the cells throughout the scaffold, 1 x 105 cells (44) were seeded 
on each side of the scaffold and left in the incubator at 37◦C, 95%CO2 for 3h to allow the cell to attach. 
Afterwards, the scaffold was moved to the new well and the cells remaining in each well were 
trypsinized and counted to assess average amount of the cells, which fail to attach on the scaffolds. The 
constructs were cultivated in 500 μL of PR and OS medium in 5% CO2 and 37 ◦C. The medium was 
changed every 3 days until the experiments. 

3.1 Cell attachment and morphologies  
                The constructs cultured in PR medium for 3, 7 and 21 days were examined (n = 
3/group/time point) via SEM (JEOL Ltd, Japan). The constructs were removed from the culture plates, 
rinsed with PBS, and then, fixed in 2.5% glutaraldehyde (Sigma-Aldrich, USA) in PBS for 2 h. After 
that, they were dehydrated in ethanol series of 50–100% and coated with gold-palladium. 
Characteristics of the cells in the constructs were descriptively assessed.  

3.2 Cell proliferation  
               Amounts of the cells in the constructs on the culture-day 3, 7, 14, 21 and 30 were 
assessed using WST-1 assay as previously described (n = 5/group/time point).    

3.3 Cell differentiation 
      On the day of the experiment, the constructs were moved to the new wells and washed 
two times in PBS. Afterwards, 200 µL of 1% Triton X-100 in PBS were added to each well, and then, 
the constructs were minced into small pieces. The cells were lysed by freezing and thawing for three 
cycles. The mixtures were transferred into the micro-centrifuge tubes and centrifuged at 2000 x g for 
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10 min. The supernatants were collected as the cell lysis solutions and they were kept in there at -80 oC 
for the analysis of total cellular protein content, ALP and OCN as previously described.   
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Figure 7  The diagram of the direct cytocompatibility test. Assessment of growth and 

differentiation of the osteoblast cells in the cell-scaffold constructs cultured in PR and 
OS mediums were evaluated over 30 days.  
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Statistical analysis 
              The data was analyzed using statistics analysis software (SPSS, version 14.0, USA). 
One-way Analysis of Variance (ANOVA) followed by Tukey HSD was applied to compare the 
differences of the amounts of calcium and phosphate ions as well as the parameters of cytocompatibility 
tests among the groups. Dunnett’s T3 was performed when equal variances were not assumed. The 
level of statistical significance was set at a p < 0.05. 
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3. Result 
 
Release of Calcium and Phosphate ions 
               The amounts of calcium and phosphate ions released from the scaffolds were 
demonstrated in figure 8. The results demonstrated that the scaffolds of group A-D could release those 
ions over the observation periods when immersed in the PR medium and there was no significant 
difference among the groups over the time points (ANOVA, p > 0.05). It was noted that the releasing 
concentrations of the experiment groups on day 7 were significantly increased greater than other days 
(ANOVA, p < 0.05), and then, they decreased thereafter. However, the cumulative data demonstrated 
that the accumulation of those ions continued increasing with time. There was no significant difference 
of the cumulative concentrations of calcium ion among group A-D in every time point, whilst, those of 
phosphate ions of group A and C were significantly higher than group B and D in every time point.   
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Figure 8  A and B; The graphs demonstrate the profiles of calcium and phosphate ions released 

from the scaffolds over 30 days. The maximum release of both ions in all groups were 
detected on day 7, which was significantly greater than the other days (¥, #; ANOVA, 
p < 0.05) and the releasing decreased thereafter. C; Accumulative release of calcium 
ion of all groups rapidly increased after day 7 until day 21, and then, the releasing 
rates slowed down thereafter. No significant difference was found among the groups 
over the time points (ANOVA, p > 0.05). D; Accumulative release of phosphate ion 
rapidly increased from day 3 to day 7, and then, the rates slowed down thereafter. It 
was found that the cumulative concentrations of group A and C were significantly 
greater than those of group B and D in every time point (*; ANOVA, p < 0.05). 
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Indirect cytocompatibility    
Cell proliferation 
      The amounts of the viable cells of all groups over the observation period were 

demonstrated in figure 9. The cells of group A-D slightly decreased on day 7, and then increased 
thereafter to reach the maximum growth on day 21. The highest cell numbers on day 21 was detected 
in group B which was significantly higher than group A and control groups (ANOVA, p < 0.05), but, 
it was not significantly higher than group C and D (ANOVA, p > 0.05). In PR group, the maximum 
growth of the cells was detected on day 14 (significantly higher than other groups, ANOVA, p = 0.00), 
and then, it slightly decreased on day 21. However, on day 21, the viable cell numbers in PR and OS 
group were significantly less than those of the experiment groups (ANOVA, p <0.05).  

                  
Figure 9 The bar graphs show that amounts of the cells in group A-D and in OS medium slightly 

decreased on day 7, and then, remarkably increased on day 14. On day 21, the amounts 
of the cells in those groups reached their maximum levels. The cells cultured in PR 
medium continued increasing since day 3 and reached the maximum level of day 14 
(* and # = significantly greater than group A-D, ANOVA; p < 0.05), then, it decreased 
thereafter.  On day 21; ¥ = PR and OS groups were significantly less than  group A-D, 
ANOVA; p < 0.05 and £ = group B was significantly higher than group A, ANOVA; 

p = 0.00.  
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ALP activities  
The levels of ALP were demonstrated in figure 10. It was found that the profiles of 

ALP in group A and D were similar over the observation period. Those profiles increased with times 
and reach the maximum levels on day 21. At that time, the activity of group A was significantly higher 
than the other groups (ANOVA, p = 0.00). The activity of group B was significantly higher than the 
other groups on day 3 (ANOVA, p = 0.00), and then, it decreased and became stable on the following 
days. The ALP of group C seemed to be stable over the observation periods. On day 14, the ALP of OS 
medium group was significantly higher than the other groups (ANOVA, p = 0.00), and then, it 
remarkably decreased on day 21.  
 

 
 

Figure 10 The graphs demonstrate the ALP activities of group A-D and the control groups of the 
medium alone over 21 days. The activity of group A was significantly higher than the 
other groups on day 21(¥; ANOVA, p =0.00). The activity of group B was 
significantly higher than the other groups on day 3 (*; ANOVA, p = 0.00). The activity 
of the OS medium group was significantly greater than the other groups on day 14 (£; 
ANOVA, p = 0.00) 
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The OCN levels were demonstrated in figure 11. The OCN of all groups can be early 
detected since day 7. The levels of group A, B, and the OS medium group seemed to be stable over the 
first 14 days, and then increased on day 21. In contrast, those of group C and D seemed to be stable 
over the observation period. It was noted that the OCN levels of the control groups were less than those 
of group A and B since day 14, but, they were less than those of group C in every time point. For the 
experiment groups, on day 21, the highest OCN level was detected in group A followed by group B, C 
and D respectively (not significantly difference among the groups, ANOVA, p > 0.05).  

 

 
 

Figure 11 The graphs demonstrate the levels of OCN over 21 days. The level of group A had the 
highest concentration on day 21 (significantly higher than the PR medium group, *; 
ANOVA, p = 0.00). The level of group C was higher than those of the control groups 
in every time point (significantly higher than the OS medium group on day 7, #; 
ANOVA, p = 0.02). 
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AR staining  
 

The solubilized AR staining of group A-D and the control groups over 21 days were 
demonstrated in figure 12. It was found that the levels of AR in group A-D seemed to be stable during 
the first 14 days, and then, they rapidly increased on day 21 (significantly higher than the PR medium 
group, but, significantly less than the OS medium group, ANOVA, p < 0.05).  The levels in the OS 
medium group increased with time (significantly greater than the other groups since day 7), whilst, the 
levels in the PR medium group seemed to be stable over the observation period.   

 

 
 

Figure 12 The graphs demonstrate the amounts of the solubilized AR over 21 days. The AR 
levels of group A-D were significantly higher that of the PR medium group on day 21 
(*=significantly less than the other groups; ANOVA, p < 0.05). The AR levels in the 
OS medium group were significantly higher than the other groups since day 7 (#; 
ANOVA, p < 0.05). 
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Direct cytocompatibility tests  

Cell attachment and morphologies 
The SEM pictures in figure 13-15 demonstrated the behaviors of the osteoblasts in the 

cell-scaffold constructs of group A, B, and E when they were cultured in PR and OM mediums. It was 
found that the cells could attach and grow well throughout the scaffold surfaces of all groups. Since 
day 14, the cells grew and formed multilayer cell-sheets covering the entire surfaces. Mineralization 
nodules could be observed in all groups when cultured in OS medium since day 14.  

 

     

     

Figure 13 The SEM images of group A, B and E on the culture day 3; A-C: cultured in PR 
medium, D-F: cultured in OS medium. The osteoblast cells spread their cytoplasmic 
processes attaching well to the scaffold surfaces. 
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Figure 14 The SEM images group A, B and E on the culture day 14; A-C: cultured in PR 
medium, D-F: cultured in OS medium. Dense multilayer cell-sheets throughout the 
scaffold surfaces of all groups were seen. Mineralized nodules were detected in some 
areas (*) when the constructs were cultured in the OS medium.  
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Figure 15 The SEM images group A, B and E on the culture day 21; A-C: cultured in PR 
medium, D-F: cultured in OS medium. Denser cell-sheets covered the entire scaffold 
surfaces of all groups and the morphologies of the cells were difficult to identify. 
Mineralized nodules were seen in some areas of all groups when cultured in both 
mediums (arrows).  

 
Cell proliferation 

The amounts of the viable cells in the cell-scaffold constructs were demonstrated in 
figure 16. In the PR medium, the amounts of the cells of group A increased with time and reached the 
maximum growth on day 30 (significantly higher than the other days, ANOVA, p = 0.005), whereas, 
those of group B reached the maximum growth on day 14, and then, decreased thereafter. The growth 
of group E increased until day 14, and then, decrease on day 21. After that, the growth increased to the 
maximum level on day 30. It was noted that the growth of the cells in group A and B were greater than 
those in group E in every time point. In the OS medium, the amounts of the cells of group A 
significantly increased on day 7, and then, rapidly decreased on day 14 (ANOVA, p = 0.004 and 0.017 
respectively). The growth reached the maximum level on day 21(significantly increased from day 14, 
ANOVA, p = 0.003). The growth of the cells in group B gradually increased with time in the first 14 
days, then, they slightly decreased on day 21 and reached the maximum level on day 30 (ANOVA, p 
= 0.085). Similar to the cells cultured in the PR medium, the amounts of the viable cells of group A 
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and B were higher than group E in every time point, except on day 21 when group E were slightly 
higher than group B. 

 

   
 

Figure 16. The graphs demonstrate the growth profiles of the cells in the cell-scaffold constructs 
of group A, B, and E cultured in the different mediums over 30 days. A; In the PR 
medium, the viable cells of group A and B were greater than those of group E in every 
time point (significantly different on day 7, 21 and 30; *, #, and ¥; ANOVA, p < 0.05). 
B; In the OS medium, the viable cells of group A reached the maximum level on day 
21 (significantly higher than day 14, ₭; ANOVA, p = 0.003). The viable cells of group 
B slightly increased with time and then reached the maximum level on day 30. The 
amounts of the cells of group A and B were significantly higher than those of group E 

on day 3, 7 and 30 (α, β, µ; ANOVA, p < 0.05).  
 

ALP activities 
  The ALP activities of the cells in the constructs were demonstrated in figure 17. In the 
PR medium, the highest ALP activity of group A was detected on day 3, and then, they decreased to 
the lowest level on day 21, but, remarkably increased on day 30. The ALP of group B increased to the 
maximum level on day 7, and then, significantly decreased to the lowest level on day 14, but, 
remarkably increased on day 30. The activity of group E seemed to be stable over the observation 
period. It was noted that the ALP activities of group A and B were greater than those of group E in 
every time-point and there was no significant difference between group A and B over the observation 
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period. In the OS medium, the activities of group A and B increased with time to reach their maximum 
levels on day 14 and they seemed to be stable thereafter. On day 21, the activity of group B was 
significantly higher than group A. It was noted that the activities of group A and B were higher than 
those of group E over the observation period (significantly different from since day 7, ANOVA, p < 
0.05) 

  
 

Figure 17 The graphs demonstrate the ALP activities of cells in the constructs of group A, B and 
E cultured in the PR and OS mediums over 30 days.  A; In the PR medium, the ALP 
activity of group A on day 21 was significantly lower than other days (£; ANOVA, p 
=0.008). The activity of group B significantly decreased on day 14 (€; ANOVA, p = 
0.00). The activities of group A and B were significantly higher than those of group E 
on day 7 and 30 (*, #; ANOVA, p < 0.05). B; In the OS medium, the ALP activity of 
group A and B reached the maximum level at day 14 (¥; ANOVA, p<0.05)), and the 
activity of group B was significantly higher than group A on day 21 (µ; t-test, p = 
0.001). Since day 7, the activities of group E were significantly less than those of 
group A and B (π; ANOVA, p < 0.05).  
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OCN 
 The expression of OCN of the cells in the constructs of group A, B, and E, were 

demonstrated in figure 18. In the PR medium, the OCN levels of group A and B can be detected since 
day 7, they were stable until day 21, and then, significantly increased to the maximum levels on day 30 
(ANOVA, p < 0.05). In contrast, the OCN levels of group E seemed to be stable over the observation 
period. Except day 14, the levels of group A and B were higher than those of group E. In the OS 
medium, the profiles of the OCN levels of group A and B were similar to those in the PR medium. The 
OCN level of group A and B were stable until day 21and reached the maximum levels on day 30 
(ANOVA, p < 0.05). The OCN levels of group E gradually increased since day 14 and reached the 
maximum level on day 30 (ANOVA, p = 0.016). The levels of group E were less than those of group 
A and B on day 7, 14 and 30.  

 
 
 

  
 
 

Figure 18  A; The graphs demonstrate the OCN levels of the cell-scaffolds constructs cultured in 
PR medium over 30 days. The levels of group A and B were stable until day 21, and 
then, increased to the maximum level on day 30. The levels of group A and B were 
greater than those of group E on day 7, 21 and 30 (*; ANOVA, p < 0.05) B; In the OS 
medium, the levels of group A and B were stable until day 21, and then, significantly 
increased on day 30. The levels of group A and B were significantly greater than that 
of group E on day 30 (¥; ANOVA, p<0.05). 
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4. Discussion 

 
This study was performed in order to evaluate direct and indirect effects of the 

bioactivities of the PCL-BCP mMSMD scaffolds on osteoblastic responses. The two different ceramic 
fillers in the PCL-based scaffolds were used including BCP which composing of the static phase of HA 
at 30% and the soluble phase of TCP at 70% and 100% TCP filler. By comparing to the PCL-TCP 
scaffolds and the pure PCL scaffolds, therefore, the actions of the BCP can be elucidated. Two main 
experiments were performed including direct and indirect cytocompatibility tests to confirm the actions 
of BCP filler as well as the effects of the architectures of the mMSMD scaffolds on growth and 
differentiation of the cells. For the indirect cytocompatibility test, the releasing profiles of calcium and 
phosphate ions were assessed when the scaffolds were immersed in the proliferation medium. The PCL-
TCP scaffolds were used for comparing the amounts of the releasing ions with the PCL-BCP scaffolds, 
whilst, the osteogenic medium and the proliferative medium alone were served as the positive and 
negative control groups respectively. In addition, measuring proliferation and differentiation of the 
osteoblast cells cultured in the mediums of each group is performed to assess the indirect effects of the 
releasing ions on the cells. By measuring the amounts of the ions in the medium instead of dH2O, their 
total concentrations that truly influencing proliferation and differentiation of the osteoblast cells are 
assessed. In addition, those concentrations can be compared with those in an osteogenic medium which 
considered to be the optimum concentrations for inducing the differentiation of the cells. In this study, 
the entire phases of the osteoblastic differentiation were assessed including measuring ALP for the 
early differentiation and OCN for the late differentiation. In addition, the AR was used for assessing 
the mineralized nodule formation to infer that the cultured cells could produce bone-like matrix. The 
direct cytocompatibility test was performed to evaluate the influence of the scaffold morphologies 
rather than the releasing ions on the cellular responses. Therefore, the PCL-TCP scaffolds were not 
used for comparing with the PCL-BCP scaffolds and the pure PCL scaffolds without bioactive filler 
were used as the negative control instead. In this experiment, growth and differentiation of the cells 
attaching on the surfaces of the scaffolds were evaluated, except, measuring the solubilized AR. The 
matrix mineralization was not assessed in order to avoid its false positive from absorbing excessive 
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staining of the scaffolds and staining carbonate apatite layers (6) which occasionally occurred on the 
surfaces of the scaffolds when immersed in the culture solutions.  

Regarding the results, the PCL-BCP scaffolds containing the BCP filler of 20% and 
30% could sustain release of calcium and phosphate ions throughout 30 days. Interestingly, there was 
no statistical difference of the amounts of the calcium ions and their releasing profiles among the groups 
of the PCL-BCP and the PCL-TCP scaffolds. Moreover, the cumulative concentrations of the phosphate 
ions released from the PCL-20%BCP scaffolds and the PCL-20%TCP scaffolds were significantly 
higher than those from the scaffolds using the fillers of 30%. Theoretically, TCP can be solubilized 
easier than BCP, hence, at the same ratios, the PCL- TCP scaffolds would release more calcium and 
phosphate ions into the medium when compared with the PCL-BCP scaffolds. It turned out that there 
was no statistical difference of the releasing concentrations of the calcium ions among the groups, 
whilst, the releasing profiles of the phosphate ions were 20%BCP>20%TCP>30%of TCP and 
30%BCP. Therefore, it implies that using of TCP filler and BCP filler has the similar capacities of 
releasing calcium and phosphate ions and increasing the fillers up to 30% as a limitation would not 
enhance the release. These phenomena could be explained that the saturated solution would slow down 
the release of the ions and it affected the releasing phosphate ion more than the calcium ions particularly 
in the culture medium. In addition, the amounts of the fillers of 20% and 30% are slightly different 
leading to a difficulty in explain the phenomena.  

Some previous studies demonstrated the effect of calcium and phosphate ions on 
behaviors of bone cells (37, 38, 45, 46). For the effect of calcium ion, Maeno, et al (46) investigated 
the effect of various concentrations of calcium ion on functions of cultured mouse primary osteoblasts. 
The result showed that the low concentration of calcium ion of 2-4 mM and 6-8 mM providing suitable 
conditions for proliferation and differentiation of the cells respectively. Godwin and Soltoff (38) 
reported a relationship between extracellular calcium concentration and chemotaxis of MC3T3-E1 
osteoblast cell line. They found that the rate of chemotaxis of the cells correlated with an increase of 
the calcium concentration within the range of 1.8 to 5 mM. For the effect of phosphate ion, Beck, et al 
(45) reported that inorganic phosphate is a signaling molecule for altering gene expression of the 
osteoblast cells during their differentiation. By using microarray analysis of phosphate-treated MC3T3-
E1 osteoblast cell, they identified that some multiple genes such as Nrf2 which associating with the 
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osteoblast differentiation were upregulated by an increase in the concentration of phosphate ion. 
Bingham and Raisz (37) examined the effect of increasing phosphate ion in the range of 1.5 to 4.5 mM 
on bone growth and mineralization by using fetal rat long bones in organ cultures. They also found that 
increasing amounts of phosphate ion resulted in increase of collagen content and calcification of the 
cultures. However, addition of high concentration of phosphate ranging from 5 to 7mM was reported 
to induce in vitro osteoblast apoptosis and non-physiological mineral deposition (47). The optimal 
concentrations of calcium and phosphate ions may vary according to the cellular stages of proliferation 
and differentiation and there is no optimal concentration that universally stimulate the cells toward 
successful osteogenesis (48). Regarding the results of our study, the accumulative concentrations of 
calcium and phosphate ions in the culture medium are demonstrated in table 2. 

 

Table 2  The table shows the average accumulative concentrations (mM) of calcium and 
phosphate ions in the culture medium.   

 

Day 
Calcium ion (mM) Phosphate ion (mM) 

20%BCP 30%BCP 20%TCP 30%TCP 20%BCP 30%BCP 20%TCP 30%TCP 

3 0.85 0.83 0.85 0.84 0.086 0.078 0.084 0.074 
7 0.88 0.86 0.87 0.87 0.120 0.101 0.115 0.101 

14 1.07 1.06 1.08 1.07 0.122 0.102 0.115 0.101 
21 1.25 1.24 1.26 1.25 0.126 0.104 0.119 0.101 
30 1.31 1.27 1.35 1.31 0.131 0.106 0.125 0.104 

 
Although the data shows that the concentrations of those ions are lower than the optimum ranges for 
supporting the functions of osteoblasts, the responses of the osteoblast cells seemed to relate to the 
releasing ion concentrations and the ratios of the ceramic fillers in the scaffolds. The burst release of 
the phosphate ion on day 7 related to the decrease of the proliferation of the cells, whilst, that of calcium 
ion after day 7 related to the increase of their proliferation. It implies that the concentrations of 
phosphate ion on day 7 produced an inappropriate environment for the growth of the forming cells, on 
the other hand, the decrease of the releasing rate thereafter would promote their proliferation. In 
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contrast, the increase of calcium ion would promote the cell proliferation since day 7.  When compared 
the viable cell number between the PCL-BCP groups and the PCL-TCP groups, it was found that there 
was no statistical difference among the groups. Therefore, the solubilization of the TCP filler does not 
have any advantage for promoting the growth of the osteoblasts when compared with the BCP filler. 
Regarding the aspects of the cell differentiation, it was found that the groups of PCL-BCP scaffolds 
seem to have the better result in stimulating the ALP activity of the cells over the observation period 
when compared with the PCL-TCP scaffolds, especially the activities in the PCL-20%BCP group which 
increasing with time and being remarkably greater than the other groups on day 21. The indicative 
markers of the late differentiation of the cells including OCN and AR indicated that the groups of PCL-
20%BCP and PCL-20%TCP scaffolds were dominant. The levels of OCN in both groups were detected 
at the higher levels since day 7 when compared with the other ratios. In addition, the level in PCL-
20%BCP group remarkably increased to the maximum level on day 21 which was higher than the other 
groups. Similarly, the profiles of the solubilized AR indicated that both scaffolds could indirectly 
enhance the degrees of mineralization of the osteoblasts greater than the other groups. Therefore, the 
composition of the PCL-based scaffolds using 20% of BCP and TCP fillers would have some 
advantages for promoting new bone regeneration and the extending experiments for evaluating those 
effects should be performed both in vitro and in animal models.  

                           Regarding the direct cytocompatibility experiments, the SEM images demonstrated 
that the mMSMD scaffolds could support attachment, proliferation as well as differentiation of the 
osteoblast cells regardless of the compositions of materials. However, it was found that the PCL-BCP 
scaffolds had the better results for those purposes when compared with the pure PCL scaffolds whether 
cultured in PR or OS mediums. For the cell proliferation, growth of the cells in the PCL-30%BCP 
scaffolds was faster than that in the PCL-20%BCP scaffolds when the constructs were cultured in the 
PR medium. In contrast, in the OS medium, the cells in the PCL-20%BCP scaffolds had the faster 
result. For the ALP activities, the cells in the PCL-20% scaffolds expressed ALP earlier than those in 
the PCL-30%scaffolds when the constructs were cultured in the PR medium. However, the cells of both 
groups had the same profiles of the ALP activities when cultured in the OS medium. For the levels of 
OCN, the cells of both groups when cultured in both mediums had similar profiles of the expression. It 
was noted that the cells in the PCL-20%BCP scaffolds had the better osteoblastic differentiation due to 
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the higher levels of ALP and OCN in the earlier days of the experiments when compared with those in 
the PCL-30%BCP scaffolds even the constructs were cultured in the medium without supporting 
substances for the cell differentiation. However, the direct cytocompatibility of the PCL-20%TCP 
scaffolds is not yet evaluated and compared with those of the PCL-20%BCP scaffolds. Therefore, that 
extending experiments should be done in the future to confirm that which one is the optimum filler for 
the PCL-based mMSMD scaffolds.  
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5. Conclusion 
 

               The technique of mMSMD is very practical to fabricate PCL- ceramics 3-D scaffolds. 
The architectures of the scaffolds are appropriate for supporting attachment and functions of 
osteoblasts. The calcium and phosphate ions, which are essential for process of new bone formation, 
can sustain their release from the scaffolds over the period of bone formation. In addition, the release 
of those ions would influence the activities of the cells. The PCL-20%BCP scaffolds have the better 
indirect and direct support to the entire phases of the osteoblastic differentiation when compared with 
the PCL-30%BCP scaffolds.  
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