
 
 

 
 
 
 
 
 
 

���������	�
�	��
����� 
 
 
 

       ก����ก������	ก������ก����������� ������ก��!�ก"�#���$%��	&�ก����ก 
�'���&��ก(����!��ก�������� ���)���!$��*	�&� 

 
 
 
 
 

+!�  
 

!� �,�-	� ���#.�	!ก��  
 
 
 
 
 
 
 

 
 


�.����� 2555 
      

 



 

 - 2/35 - 

               ��������	
� MRG5380193 
 
 

���������	�
�	��
����� 
 
 
 

       ก����ก������	ก������ก����������� ������ก��!�ก"�#���$%��	&�ก����ก 
�'���&��ก(����!��ก�������� ���)���!$��*	�&� 

 
 
 
 
 

  
 

!� �,�-	� ���#.�	!ก�� 
���*	�&12*����&�� 
#���*���	�3��
���&�� 

 
 
 
 
 
 
 
 
 
 

��	�����+!� 
�(��	ก������ก��
ก��ก����!
��ก�� �(��	ก���ก��*����	�����ก�����	�1�� 


#���*���	�3��
���&�� 
 
                (�	
��
�����
��
��������������	����  ก�. #$%  ก	. &�'�(
����)����
��*�	�� ��&�) 



 

 - 3/35 - 

                           ��ก������������� 2/1 
,-��*�'�  
 
�
� .���ก
�: MRG5380193 
 
789�.���ก
�: ก
�:;ก<
�=>$�ก<>%���ก�����8����89��$�
�ก�%*�ก��
����?�,�)�ก
��
ก�@$$A)��ก(
���*�
ก��8����89�
�����;*���-��)A 
 
789���ก	���� #$% B
,��: *�. 	��7��   ��
B��*ก��   �

	�-�
$��C���:
 )�A 
 
����$A: s-wrch@tu.ac.th 
 
�%�%�	$
.���ก
�: 2 �M 
 
,-��*�'�: 
����ก����	
��
��
�
�����������������ก��������������ก���ก� ก!�������������"!��ก�� #ก	�ก�$""��!�ก%���� &
�'�ก	�ก

��(��� ���&
�����)!���*�+
��ก��� �,�-�.!�����-������
+�$""�   � �ก����ก���
�	��������������������ก���ก� 

ก!�������������"!��ก�� #ก	�กก���ก� 0"�ก'�-1���   ก��'� ���ก2���
�&
��ก
���2��ก
+ก���ก� ก�� #ก�)�-   �����3

����
�'"�ก��&%����2�����,$���
"��,"�� 4��4����   0"ก����ก���+�-�ก!�������������"!��ก�� #ก��������!��, !

	�ก�$""��!�ก%���� &
�'�ก	�ก��(��� ���&
�����)!���*�+
��ก��'"�ก���ก� ก!�������������"!��ก�� #ก�
�2���ก
+��"�&
��.!��

ก��ก����!�   � ��+�-� ������&
�+ก
+ก!������������&
�,�-, !�
+ก��ก����!��)!��5�ก�� #ก  ก!�������������"!��ก�� #ก (&
�, !�
+

ก��ก����!�) �
�����30"�ก'�-1���   ����
�  '"�ก��&%����2�����,$���
"��,"�� 4��4����   ��กก�-���� 10  5  '"�

4 �&-� ���"%� 
+   ��ก	�ก�
�ก!�������������"!��ก�� #ก�
��
ก��'� ���ก2���
�&
��ก
���2��ก
+ก���ก� ก�� #ก�)�-�#�ก�-�

ก!������������&
�,�-, !�
+ก��ก����!�   ������%�ก!�������������"!��ก�� #กก"
+,������"
�����	���"
����$""��ก�� �+�-��
�$""�

�	��8��ก��	�กก!������������ 
�ก"-��, !   ก����ก���
�����, !�-��$""��!�ก%���� &
�'�ก	�ก��(��� ���&
����
�
ก�9����ก��

�.!��!��ก!�������������"!��ก�� #ก���������)!���*�+
��ก��� �,�-�.!�����-������
+�$""� 

�(

$�ก : �(
�	� 3-5 �(
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Abstract  
 
Project Code : MRG5380193 
 
Project Title : Characterization of in vitro bone-like pellets in micromass culture of putative 
periodontal ligament stem cells 
 
Investigator : Dr. Weerachai Singhatanadgit 
 
E-mail Address : s-wrch@tu.ac.th 
 
Project Period : 2 years 
 
Abstract: 
Objective: The present study was aimed to investigate the osteogenic potency of scaffold-free three-

dimensional (3D) spheres of periodontal ligament stem cells (PDLSCs). Study Design: The osteogenic 

potency of PDLSC spheres was determined by the ability to form mineralization and to express key 

osteogenesis-associated genes. The alkaline phosphatase (ALP) activity and the protein content of PDLSC 

spheres were also measured. Results: The 3D sphere developed its osteogenic potency in a time-

dependent manner, containing approximately 10 folds higher of the mineralization, 5 folds higher protein 

content and 4 folds greater ALP activity than those in the controls. The expression of key osteogenic 

genes was also up-regulated in the 3D PDLSC spheres. Cellular outgrowth was observed when re-

introduced into 2D culture. Conclusion: PDLSCs were able to undergo osteogenic differentiation in a 

scaffold-free 3D culture, producing bone-like mineralization in vitro. This suggests, at least in vitro, the 

osteogenic potency of the 3D PDLSC spheres. 

 
Keywords : Sphere; Stem cells; Mineralization; Periodental ligament; Bone engineering 
 



 

 - 5/35 - 

                    ��ก 
�#�,
�
��$� 3 
 

�*�	!�4�5���6*� 
����ก����	
��
��
�
�����������������ก��������������ก���ก� ก!�������������"!��ก�� #ก	�ก�$""��!�ก%���� &
�'�ก	�ก

��(��� ���&
�����)!���*�+
��ก��� �,�-�.!�����-������
+�$""�   � �ก����ก���
�	��������������������ก���ก� 

ก!�������������"!��ก�� #ก	�กก���ก� 0"�ก'�-1���   ก��'� ���ก2���
�&
��ก
���2��ก
+ก���ก� ก�� #ก�)�-   �����3

����
�'"�ก��&%����2�����,$���
"��,"�� 4��4����   0"ก����ก���+�-�ก!�������������"!��ก�� #ก��������!��, !

	�ก�$""��!�ก%���� &
�'�ก	�ก��(��� ���&
�����)!���*�+
��ก��'"�ก���ก� ก!�������������"!��ก�� #ก�
�2���ก
+��"�&
��.!��

ก��ก����!�   � ��+�-� ������&
�+ก
+ก!������������&
�,�-, !�
+ก��ก����!��)!��5�ก�� #ก  ก!�������������"!��ก�� #ก (&
�, !�
+

ก��ก����!�) �
�����30"�ก'�-1���   ����
�  '"�ก��&%����2�����,$���
"��,"�� 4��4����   ��กก�-���� 10  5  '"�

4 �&-� ���"%� 
+   ��ก	�ก�
�ก!�������������"!��ก�� #ก�
��
ก��'� ���ก2���
�&
��ก
���2��ก
+ก���ก� ก�� #ก�)�-�#�ก�-�

ก!������������&
�,�-, !�
+ก��ก����!�   ������%�ก!�������������"!��ก�� #กก"
+,������"
�����	���"
����$""��ก�� �+�-��
�$""�

�	��8��ก��	�กก!������������ 
�ก"-��, !   ก����ก���
�����, !�-��$""��!�ก%���� &
�'�ก	�ก��(��� ���&
����
�
ก�9����ก��

�.!��!��ก!�������������"!��ก�� #ก���������)!���*�+
��ก��� �,�-�.!�����-������
+�$""� 
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�*�	!�4�5����	�ก7� 
 

Objective: The present study was aimed to investigate the osteogenic potency of scaffold-free three-

dimensional (3D) spheres of periodontal ligament stem cells (PDLSCs). Study Design: The osteogenic 

potency of PDLSC spheres was determined by the ability to form mineralization and to express key 

osteogenesis-associated genes. The alkaline phosphatase (ALP) activity and the protein content of PDLSC 

spheres were also measured. Results: The 3D sphere developed its osteogenic potency in a time-

dependent manner, containing approximately 10 folds higher of the mineralization, 5 folds higher protein 

content and 4 folds greater ALP activity than those in the controls. The expression of key osteogenic 

genes was also up-regulated in the 3D PDLSC spheres. Cellular outgrowth was observed when re-

introduced into 2D culture. Conclusion: PDLSCs were able to undergo osteogenic differentiation in a 

scaffold-free 3D culture, producing bone-like mineralization in vitro. This suggests, at least in vitro, the 

osteogenic potency of the 3D PDLSC spheres. 
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Executive Summary 
 

1. ���
�(��	G1��*, 
����$HG#� 
���p��=,��ก
���ก<
����q	�-�9���	
�	�ก
����ก�%*�ก�����89���
�
ก�	
���*�ก)� r�ก
� 
�8�)��� �s� ��

�	��	%��,���	>ก%.
$ก:��<%#$%�,
��
�
ก 
�
)=)'
�t �
-� .���%������7'���
ก �=,�)��
)= �	
�r�ก
�#)'

ก(
���* (�
ก#
	'� �r*
�.
	') )$�*��.�����-��)A��ก� ,  )����
:��	� *=-*#-�&�'	'
�%����	� *=-�9&*��
ก

C���7
)�
�8� �����
%
A�;�� �r89��7���ก
�@'��#@�#$%-*#-���8����89�ก�%*�ก-�9 �s� ��
�8�B�ก-(
$
�&� #)'

��89���
ก	� *=�
$'
��������������(
ก�*-�9-(
�
�ก
���ก<
&�'��% ,�$ (
�����-'
-�9�	� �;�&*���ก
���*���	�C�ก
�-
�

	�:	ก�����8����89�ก�%*�ก (bone tissue engineering) �r89� ��
���8����89�ก�%*�ก-�9B�ก-(
$
�&��;���
�'#$%��#�	.���-�9

�%&*���,ก
�r�u�
�
�����	�C�ก
���ก<
�
)�v
�����
�)����ก$� ��89���
ก����	�C�-�9 
�
�B7*�7����*���#$%��

��% �-C�w
r�
กก	'
	�C�ก
�#,,*����*��  	�C�ก
�����
:�����A��%ก�,
$�ก 
���%ก
� �8� 1) �@$$A @;9��p��=,�� '	�

�
s'�%
�
�B;��@$$A)��ก(
���* (stem cells) ��89���
ก�=> �,�)�����@$$A)��ก(
���*-�9 
�
�B�r�9��(
�	��@$$A 

(proliferation) &*���'
��	*���	#$%&�'����*�(
ก�* )$�*�� 
�
�Br�u�
ก
� (differentiate) &������@$$A7��*)'
�t 

�	�B;��@$$A ��
�ก�%*�ก (osteoblast) &*���w
	%-�9�
�
% � (Bianco and Robey, 2001)   2) scaffold 
�8� 

matrix    #$% 3) .��$ก=$ '� �ss
> (signaling molecules) �	�B;� &@.)&��A (cytokines)  .ก�)#xก�)��A 

(growth factors)  #$% -�
� ����7��#xก�)��A (transcription factors) @;9� '�� ���ก
�#,'�)�	#$%ก
�r�u�
ก
�

����@$$A)��ก(
���*&� �'�@$$A-�9)���ก
� (Langer and Vacanti, 1993). 

 ก
����r,�@$$A-�9��$�ก<>%����@$$A)��ก(
���*����8����89��
ก7'���
ก &*�#ก' �@$$A)��ก(
���*�
ก��8����

.r��xp� (dental pulp-derived stem cells, DPSCs) (Gronthos et al., 2000) �
กxp���(
�� (stem cell from 

exfoliated deciduous teeth, SHED) (Miura et al., 2003) �	�B;��
ก�����;*���-��)A (periodontal ligament-

derived stem cells, PDLSCs) (Seo et al., 2004) @;9�����#
$'� (source) -�9 
�
�B���
B;�#$%�ก�,��8����89��
�7�&*�

�'
�   -(
�
��@$$A)��ก(
���*�����	
�
	���
�'���ก
���ก<
����q	������#,,�	7:
 )�Aก
�x{|��8� w
r 

(regenerative medicine) #$%��� '��$�
�	�ก
�-��)#r-�A)89�)�	#$%
���
�
��	
� ������	
�����&�&*����ก
�

�(
�@$$A)��ก(
���**��ก$'
	�
�7���ก
���ก<
����q	�   �>%����>%���	������% ,�	
� (
������ก
�#�ก PDLSCs 
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,�� =-CA.*��-���� cloning  #$%  
�
�B�r
%�$�����
��@$$A���r�u�
&������@$$A-�9���	
� 
�
�B��ก
� ��
�ก���

��8����89��$�
�ก�%*�ก (bone-like pellets) &*���
����?�,�)�ก
� (Singhatanadgit et al., 2009) 

*��-�9ก$'
	��
�)�� 	�:	ก�����8����89�ก�%*�ก�r89���ก<
�	
�	�ก
����ก�%*�ก)����
:�� scaffold �r89�����.����'
��
�

�@$$A)��ก(
���*����s#$%r�u�
&������@$$A ��
�ก�%*�ก#$% ��
�ก�%*�ก)'�&�   .*� '	��
s' scaffold -�9�7��%����

	� *= �����
%
A (artificial/synthetic scaffold) 
�8� 	� *=C���7
)� (natural matrix scaffold)  ��'
�&�ก�)
�ก
��7� 

scaffold -��� ����%�w-�����������Bก�B���ก�����'-�������89���	
��$�*w��#$%�=> �,�)�-
�7�	w
r �7'� �ps

-�9	'


��8����89��$�กB'
���กr��CA-�9��ก&*��
�
กC�
�
�ก�%*�ก���� 
$���
ก�'
�ก�%,	�ก
�)'
�t �r89�ก
��ก�,��ก<
#$�	 

��ก�% �s� ���=> �,�)��7��ก$���ก�%*�ก&�#$%����
��ก�*�ps

ก
�)�*�78���
ก���,���
� (disease transmission) 

(Vaccaro, 2002)    '	�	� *= �����
%
A���� ��ก�
ก&�'���=> �,�)���ก
�ก�%)=��ก
� ��
�ก�%*�ก (osteoinductive) 

#$�	����
�ก�%)=��ก�%,	�ก
���ก� ,����'
�ก
�&*����%�%�
	 (Bianco and Robey, 2001;Risbud and Shapiro, 

2005)   �	
�&�'#�'�������89�� biocompatibility #$% biodegradability ��� artificial scaffold (Freed et al., 

1998)   #$%������ps

-�9	� *=�
$'
���&�' 
�
�B�ก�*ก
� remodeling &�r����ก�,ก�%*�ก-�9���'.*���,&*� (Bucholz, 

2002)   ก
��r
%�$�����@$$A*�	� micromass culture technology  �r89��7���-
�	�:	ก�����8����89�ก�%*�ก�;�ก(
$��

&*���,�	
� ����r�9��;�����p��=,��  ��89���
กก
��r
%�$�����@$$A*�	��-�������&�'�(
����)����7� scaffold 

(Handschel et al., 2007)   ��'
�&�ก�)
� �	
�����	
����
��r8��v
���ก
� ��
�ก�����8����89��$�
�ก�%*�ก.*��7� 

PDLSCs �'	�ก�,  micromass culture  ������(
ก�*�
ก   .���ก
�	��������;�)���ก
�:;ก<
�=>$�ก<>%���ก���

��8����89��$�
�ก�%*�ก�
ก PDLSCs ��
����?�,�)�ก
�.*��7��-���� osteogenic micromass culture  @;9�B8�����ก
�

	����r8��v
��r89� ��
����A�	
�����
�'-�9�%�(
&��7���ก
�	�����89�t-�9�ก�9�	����ก�,	�:	ก�����8����89�ก�%*�ก#$%�@$$A)��

ก(
���*)'�&� 

 

2. �	&.�$������ 

1) �r89�:;ก<
ก
�# *���ก������-�9�ก�9�	����ก�,ก
� ��
�ก�%*�ก (osteogenesis-related genes) ���ก���

��8����89��$�
�ก�%*�ก��
����?�,�)�ก
��
กก
��r
%�$���� PDLSCs .*��7��-���� osteogenic micromass 

culture 
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2) �r89�	�*�%*�, alkaline phosphatase (ALP) activity ���ก�����8����89��$�
�ก�%*�ก��
����?�,�)�ก
��
ก

ก
��r
%�$���� PDLSCs *�	��-���� osteogenic micromass culture 

3) �r89�	�*����
>#$%ก
�ก�%�
�)�	��� mineralized nodules ��ก�����8����89��$�
�ก�%*�ก��
����?�,�)�ก
�

�
กก
��r
%�$���� PDLSCs *�	��-���� osteogenic micromass culture 

4) �r89���%�����	
����'��* (viability) ����@$$A��ก�����8����89��$�
�ก�%*�ก��
����?�,�)�ก
��
กก
�

�r
%�$���� PDLSCs *�	��-���� osteogenic micromass culture 

 

3. ����,����3,���	� 

 ก
�	�����������ก
�:;ก<
�7��-*$�� (experimental study) ��
����~�,�)�ก
�-�9�7��@$$A)��ก(
���*�
ก

��8����89������;*���-��)A  

1) ก
��r
%�$���� #$%*�#$ PDLSCs 

 ��ก
�	�������������%�7� PDLSCs -�9&*���,�	
���=���
%
A�
�
ก Prof I Olsen @;9�������ก	����-�9��;ก<
���

.���ก
���� .*��@$$A*��ก$'
	&*��'
�ก
�-* �,	'
���=> �,�)�����@$$A)��ก(
���* (Singhatanadgit et al., 2009) 

.*��@$$A�%B�ก�r
%�$�������
��r
%�$������
* 100 cm2 .*��7��


��r
%�$����7��* α minimum essential 

medium (α-MEM) -�9��%ก�,*�	� FCS 15 % #$%�� penicillin #$% streptomycin �r89�����ก��ก
�)�*�78���
ก

#,�-�����  -�9�=>
w��� 37°C �%*�,�
�A,��&*��ก&@*A����$% 5 �	
�78�� ��r�-CA �� =*   ��89��@$$A�� confluent 

#$�	 detach �@$$A*�	� trypsin-EDTA #$%)�	� �,	'
�@$$A-�9 detached #$�	��ก
�ก�%�
�)�	 (disperse) &�'�ก
%

����ก$='�ก��� .*�*��
กก$��� light microscope �(
�@$$A���&��r
%�$�����r�9��(
�	�����)�
 '	� 1:6 ���
�

�r
%�$������
* 100 cm2  �r89��7���ก
�-*$��)'�&� 

2) �-���� osteogenic micromass culture �r89� ��
�ก�����8����89��$�
�ก�%*�ก��
����?�,�)�ก
��
ก 

PDLSCs 

 �(
 cell pellets ��� PDLSCs (�(
�	� 2.5 x 105 �@$$A) �
�r
%�$������ α-MEM -�9��%ก�,*�	� 10% 

FCS  1% penicillin/streptomycin (control samples) #$%�r
%�$������ α-MEM -�9��%ก�,*�	� 10% FCS  1% 

penicillin/streptomycin   100 nM dexamethasone   0.1 mM L-ascorbic acid 2-phosphate #$% 10 mM β-
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glycerophosphate (osteogenic media; OM) (OM samples)  .*���$�9�� OM -=กt 3 	�� �����	$
�
� 3  ��*

A   

�
ก�����(
 control samples #$% OM samples &�-* �,�=> �,�)�)'
�t*���
�$%����**�
�$'
� 

 3) ก
�-* �,ก
�# *���ก��� osteoblastic markers (Runx2, Osx, Dlx5, ALP, BSP, OC) mRNA  

.*�	�C� quantitative real-time PCR 

  ก�* total RNA �
ก control samples #$% OM samples -�9���
�= 3  7  14  #$% 21 	�� .*��7� RNeasy 

Kit (Qiagen) )
�����)��-�9�%,=&	�.*�,��<�-����$�)   mRNA �%B�ก��$�9������ cDNA (reverse transcription)  

����)��ก
�-(
 quantitative real-time PCR ���9�.*���8��
� cDNA -�9&*���
�)��*�	� nuclease-free water ��

��)�
 '	� (1:2) �?�ก����
 PCR ����%-(
�� 96-well plates .*��7� primers #$% probe -�9��r
%��
%��ก�, 

sequence ���  Runx2  Osx  Dlx5  ALP  BSP #$% OC) #$%-(
ก
�-* �,�� iQ5 BioRad thermocycler -(


ก
�	����
%
A����
>���  Runx2  Dlx5  ALP  BSP #$% OC mRNA (relative quantification) .*��7�	�C� 

comparative CT method (Livak and Schmittgen, 2001) .*��7� GAPDH ���� endogenous control 

 4) ก
�	�* ALP activity .*� 	�C� biochemical method  

ก
�	�* ALP activity -(
&*�.*� ก�*#�ก.��)���
ก ก�����8����89� control samples #$% OM samples -�9���
�= 3  7  

14  #$% 21 	�� �
� �ก�, 10 mM p-nitrophenyl-phosphate �
ก����-(
ก
�	�*����
>��� p-nitrophenol 

(PNP).*��'
��'
 absorbance -�9 405 nm #$%�'
��� activity �%�(
�	>�
ก  
�$%$
� PNP standard  

 5) ก
��)���� paraffin-embedded sections 

 Sections ���ก�����8����89��$�
�ก�%*�ก�
�= 3  ��*

A �%B�ก�)����*�	�	�C� paraffin-embedded method 

#$%-* �,ก
� ��
� mineralized nodule )
��
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Objectives 
 

1) To examine the expression of osteogenesis-related genes in osteogenic 
micromass of PDLSC in vitro  

2) To measure the ALP activity in the osteogenic micromass of PDLSC in vitro 
3) To quantify and localize mineralized nodules in the osteogenic micromass of 

PDLSC in vitro  
4) To assess the viability of the osteogenic micromass of PDLSC in vitro 
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Materials and Methods 

Culture of PDLSCs 

PDLSCs were kindly provided by Prof I Olsen from the UCL Eastman Dental 

Institute, London, UK. The PDLSCs were previously shown to possess characteristic 

features of stem cells.15 Cells were cultured in β-Modified Eagle�s Medium (β-MEM) 

(Gibco Life Technologies Ltd, Paisley, UK) containing 15% fetal calf serum (FCS) (PAA 

Laboratories, Yeovil, UK) (15% FCS-MEM) supplemented with 200 U/ml penicillin, 200 

βg/ml streptomycin, 2 mM L-glutamine (all from Gibco) (standard medium) at 37°C in a 

humidified atmosphere of 5% CO2 in air. Cells between passages 3 and 5 were used. 

3D spheroid culture and osteogenic induction of PDLSCs 

Conical polypropylene tubes were used for the formation of 3D sphere by 

aggregation of PDLSCs, as previously described with some modifications.15 Briefly, a cell 

suspension (1x106 cells) was centrifuged at 200 g for 5 min in a 15 ml polypropylene 

tube. The cells were resuspended with 1 ml of standard medium, centrifuged at 200 g for 

5 minutes and incubated at 37° C and 5% CO2 for 24 h. The samples were changed to 

cultured in standard medium and in osteogenic medium (OM; 10% FCS-MEM and 

osteogenic supplements containing dexamethasone, ascorbate-phosphate, and β-

glycerolphosphate) to form non-induced and OM-induced PDLSC spheres, respectively, 

(defined as samples at Day 0) at 37° C and 5% CO2 for up to 21 days, with the culture 

media being changed every three days. 

Alizarin red S staining and quantification 

Non-induced and OM- induced spheres obtained at 21 days of culture were fixed 

with cold methanol for 30 min at 4°C and washed with distilled water. The samples were 
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incubated for 10 min at room temperature with 1% alizarin red S (Sigma) (pH 4.2), rinsed 

twice with cold methanol and photographed. Mineralization of the ECM was visualized as 

bright red deposits, which were quantified by solubilizing in 10% cetylpyridinium chloride 

(Sigma) and measuring the absorbance at 570 nm (A570). The A570 thus corresponds to 

the amount of ECM mineralization. 

Preparation of paraffin section and Hematoxylin & Eosion (H&E) staining 

PDLSC spheres were prepared and cultured in OM for 21 days, as described 

above, with the culture media being changed every three days. The samples were fixed 

with 4% paraformaldehyde (PFM). Paraffin sections (5 µm) were prepared and were 

stained with H&E and with alizarin red S, as described above. 

RNA extraction and Quantitative real-time polymerase chain reaction (Q-PCR) 

 Total RNA was extracted from the PDLSC spheres using RNeasy Mini Kit 

(Qiagen, West Sussex, UK), in accordance with manufacturer�s instructions. To assess 

the quality of the extracted RNA and as an internal RT-PCR standard, the housekeeping 

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also amplified. For 

reverse-transcription reaction, 1 µg of total RNA were used with 5 ng oligo-dT (Promega, 

Madison, WI) in 40 µl of water. After 5 min at 65°C, the first stand of cDNA was 

synthesized in a total volume of 50 µl, containing 50 U of cloned Moloney murine 

leukemia virus (M-MuLV) reverse transcriptase, 1x M-MuLV buffer, 40 µM of each dNTP, 

and 40 U of RNase block (all Stratagene, La Jolla, CA). After incubation at 37°C for 60 

min, the enzyme was inactivated by incubation for 5 min at 90°C, after which 1 µl of 

each cDNA sample were used in Q-PCR, as described below. 
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 The cDNA were used for amplifications performed with specific primers for the 

runt-related transcription factor 2 (Runx2), distal-less homeobox 5 (Dlx5), alkaline 

phosphatase (ALP), bone sialoprotein (BSP), osteocalcin (OC) and GAPDH genes 

(Applied Biosystems, Cheshire, UK), the sequences of which were designed with the 

Primer Express program from Applied Biosystems. Q-PCR using the TaqMan Gene 

Expression Assay in an ABI Prism 7300 Sequence Detector was performed in 

accordance with manufacturer�s instructions. All PCR reactions were performed in 

triplicate and each of the signals was normalized to the GAPDH signal in the same 

reaction.  

Measurement of PDLSC sphere metabolic activity 

Metabolic activity of the samples was determined by an increase in their protein 

content and a key osteogenic enzyme ALP activity. For total protein measurement, 

samples were gently washed twice with PBS and lysed in ice cold lysis buffer containing 

50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM 

EDTA, 1 mM phenylmethyl sulphonyl fluoride (PMSF) and 1 µg/ml of each of aprotinin, 

leupeptin, pepstatin (all from Sigma). Protein concentration was measured using the 

Biorad DC protein assay kit (Biorad, Hemel Hempstead, UK). For the determination of 

ALP activity, lysis buffer (20mM Tris, 0.5 mM MgCl2 and 0.1% Triton X) was added to 

each sample. Cell lysates were then centrifuged at 2500 rpm for 30 min and supernatants 

were obtained for analysis. The aliquots with an equal amount of protein content were 

analyzed for ALP activity by addition of 10 mM p-nitrophenyl phosphate (p-NPP, Sigma), 

incubated at 37°C for 10 min and the reaction was then stopped by 3 N NaOH. The 
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amount of p-nitrophenol (p-NP) produced, corresponding to the ALP activity, was 

measured at A405.  

Viability Assay for PDLSC spheres 

 The viability of PDLSC spheres was determined by their ability to re-outgrowth 

from the 3D sphere when re-introduced into 2D cell culture system. PDLSC spheres were 

cultured in standard culture medium and in OM for 21 days, and the samples were 

transferred into standard 2D cell culture dishes for 7 days. The samples were then fixed 

with 4% PFM and stained with 0.25% crystal violet. Alizarin red S staining was also 

performed to confirm the presence of matrix mineralization, as described above.  

Statistical analysis 

 The data are presented as the mean ± SD of measurements from three 

independent samples, with the experiments being performed in triplicate. Statistical 

differences between the mean of the test group (or the samples at Days 3, 7, 14 and 21) 

and the control group (or the samples at Day 0) were analyzed by single sample t-test, 

with p<0.05 considered significant. The t-test program in the SPSS 11.0 software (SPSS, 

Chicago, IL) was used for the analyses. 
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Results 
ECM mineralization of PDLSC spheres 

 The results of alizarin red S staining in Fig. 1A show that OM-induced spheres were 

positive to alizarin red S while control non-induced spheres appeared to be negative. 

Moreover, while samples in OM had diameter of approximately 3 ± 0.2 mm, samples in 

control culture media had a smaller diameter of 2 ± 0.2 mm (p<0.05) with a slight 

irregularity in shape. A summary of the amount of alizarin red S-positive mineralized ECM 

is shown in Fig. 1B, which revealed that OM-induced samples contained approximately 10 

folds higher of the mineralization compared with the non-induced samples (p<0.05). 

Representative H&E and alizarin red S staining results in Fig. 1C show the presence of 

bone-like deposits in the OM-induced sphere, as indicated by arrows. Spheroid cultures of 

PDLSCs in standard media did not form any mineralized deposit that could be observed 

by either H&E or alizarin red S staining (Fig.1C). 
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Fig.1. ECM mineralization of PDLSC spheres. PDLSCs were cultured as 3D spheres in 
standard culture medium and in OM for 21 days, as described in the Materials and 
Methods. Panel A shows representative alizarin red S staining of spheres cultured in 
standard culture media (control) and in OM. Similar results were observed in three 
separate experiments. In Panel B, quantification of stained alizarin red S extracted (per 1 
mg of protein) from control non-induced spheres and from OM-induced spheres is 
summarized. The data are expressed as the mean percent ± SD of extracted alizarin red 
S compared with that of the control sample, defined as 100%. Results are from one 
representative experiment of three independent experiments. * p < 0.05 vs control. In 
Panel C, paraffin sections were prepared from control non-induced and OM-induced 
spheres and the sections were stained using H&E and alizarin red S, as described in the 
Materials and Methods. Representative H&E and alizarin red S staining sections are 
shown here. Arrows indicate alizarin red S-positive deposits.  
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Metabolic activity of PDLSC spheres 

 In the present study, metabolic activity of the spheres was examined by 

determining the total protein content and the activity of an important osteogenic enzyme 

ALP. The results revealed that compared with control non-induced samples, only little 

change in the level of the protein content in OM-induced samples at Day 3 and Day 7 

was observed (p>0.05) whereas the protein content was significantly increased by 

approximately 300% and 550% at Day 14 and Day 21, respectively (p<0.05) (Fig. 2A). In 

addition, the results in Fig. 2B show that the ALP activity in OM-induced spheres was 

significantly up-regulated over the course of osteoblast differentiation of PDLSC spheres 

(Day 3-Day 21) compared with that in control spheres (p<0.05), with the peak expression 

being observed at Day 7 (approximately 400% up-regulation). 
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Fig. 2. Metabolic activity of PDLSC spheres. In Panel A, the protein content of control 
non-induced and OM-induced spheres was measured at the indicated times, as described 
in the Materials and Methods. The data are expressed as the mean percent protein ± SD 
compared with that of the sample on Day 0, defined as 100%. * p < 0.05 vs sample at 
Day 0; † p < 0.05 vs control non-induced sample at the same culture periods. In Panel B, 
the ALP activity of control non-induced and OM-induced spheres was measured at the 
indicated times, as described in the Materials and Methods. The data are expressed as 
the mean percent ALP activity ± SD compared with that of the sample on Day 0, defined 
as 100%. * p < 0.05 vs sample at Day 0; † p < 0.05 vs control non-induced sample at the 
same culture periods. 
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Expression of the osteogenesis-related genes in PDLSC spheres 

 The expression of key ostegenesis-associated genes, i.e., Runx2, Dlx5, ALP, BSP 

and OC, in PDLSC spheres during the course of osteoblast differentiation (0-21 days) 

was examined by Q-PCR. The results showed that while the expression of these 

osteogenic genes in the control non-induced sphere appeared to be unchanged 

throughout the times studied, the expression of these genes was differentially regulated in 

the OM-induced spheres (Fig. 3). The results in Fig. 3A demonstrate that the expression 

of a pivotal osteogenic transcription factor Runx2 in OM-induced spheres was significantly 

up-regulated throughout the entire course of osteogenic induction compared with that in 

control spheres (p<0.05), with the peak expression being observed at Day 3 

(approximately 300% up-regulation). In Fig.3B, increased expression of another important 

osteogenic transcription factor Dlx5 was observed from Day 3 to Day 7 (200% increase; 

p<0.05) although its expression was gradually decreased thereafter. As with Runx2, the 

results in Fig. 3C show that the expression of ALP in OM-induced spheres was 

significantly up-regulated over the course of osteoblast differentiation of PDLSC spheres 

(Day 3- Day21) compared with that in control spheres (p<0.05), with the peak expression 

being observed at Day 7 (approximately 300% up-regulation). The expression of BSP 

appeared to be gradually increased from Day 0 to Day14 (Fig. 3D). Compared with the 

expression level observed in Day 0, BSP expression was increased by approximately 

200% at Day 7 (p<0.05), reached its peak of a 300% increase at Day 14 (p<0.05) and 

down-regulated thereafter to the level observed at Day7 at the end of the course of 

osteogenic induction tested (Day 21) (Fig. 3D). Moreover, the expression of OC, a marker 

associated with the late stage of osteoteoblast differentiation, in spheroid culture was not 
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stimulated by osteogenic induction in the early time points, but it was significantly up-

regulated and reached its expression peak from Day 14 to Day 21 (approximately 200% 

up-regulation; p<0.05) (Fig. 3E). 
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 Fig. 3
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Fig. 3. Expression of the osteogenesis-related genes in control non-induced and OM-
induced PDLSC spheres. Total RNA was extracted from the samples at the indicated 
times and the Q-PCR analysis for Runx2, Dlx5, ALP, BSP and OC genes is summarized 
in Panels A-E, respectively. The Q-PCR results are presented as the mean percent ± SD 
of the level of each of transcript relative to that of GAPDH, defined as 100% in sample at 
Day 0. * p < 0.05 vs sample at Day 0; † p < 0.05 vs control non-induced sample at the 
same culture periods. 
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Viability of osteogenic PDLSC spheres 

 The viability of 3D PDLSC spheres was determined by the presence of cellular re-

outgrowth when re-introduced into 2D culture dishes. The results demonstrated that 

following osteogenic culture of 3D spheres for 21 days, cellular outgrowth mimicking that 

of normal tissue-derived primary explanted cells was first detected within 24 h at the 

periphery of spheres in 2D culture dishes (data not shown). After 7 days, a discernable 

number of cells surrounding the spheres were observed (Fig. 4B). Similar pattern of 

cellular re-outgrowth was also found in non-induced PDLSC spheres (Fig. 4A). Alizarin 

red S staining confirmed the formation of mineralization in osteogenic-induced PDLSC 

spheres (Fig. 4B). 

 

(A)          Control (B)            OM

S S

20 µm 20 µm

 

Fig. 4. Viability of non-induced PDLSC spheres (A) and OM-induced PDLSC spheres (B). 
PDLSCs were cultured as a 3D sphere in standard culture medium (control) and in OM 
medium for 21 days, and the samples were transferred to maintain in a conventional 2D 
cell culture dish for 7 days. The samples were then stained with alizarin red S and crystal 
violet as described in the Material and Methods. S: sphere. 
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Discussion 

Regeneration of certain microtissues can be obtained by a re-aggregation 

approach using a 3D culture technique.16,17 While most investigations concerning 3D 

culture technology were performed in developmental studies (such as chondrogenesis in 

skeletal development),18,19 little is known about the use of this technique in tissue 

engineering, including bone engineering.6 In the present study, we have established that 

using highly purified PDLSCs, the formation of viable bone-like 3D spheres could be 

achieved without the used of non-physiologic scaffold in vitro. Developing osteogenic 

PDLSC spheres expressed a number of key markers related to osteoblast differentiation 

and contained calcified deposits positive to alizarin red S staining. In addition, following 

long term maintenance of the osteogenic spheres in vitro, cells in the 3D PDLSC spheres 

remained viable and highly active when re-introduced into a conventional 2D culture. 

 The bone-like 3D culture technology depends significantly on the presence of the 

ECM, which exerts both direct and indirect impacts on osteoprogenitors and consequently 

modulates their behavior and function.6 Moreover, these cells influence the composition of 

the ECM in a variety of fashions, including differential expression of certain ECM protein 

components and/or proteolytic enzymes by cells in the surrounding microenvironment via 

adhesion molecule-mediated cell-to-cell and cell-to-ECM interactions.6,20-25 It has been 

reported that in 3D culture, cells had numerous cell-to-cell contacts both focal points and 

apposition with long plasma membrane areas.11 Microspheroid cultures formed in a high 

density multilayer manner contain abundant extracellular collagen fibrils whereas 

monolayer cultures show only a small amount of collagen fibrils in the ECM.11 It has also 

been shown that cells in cultured spheres formed a multilayer of cells and possessed a 
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high number of rough endoplasmic reticulum, mitochondria, ribosomes and vesicles,11 

indicating that cells are highly active in protein synthesis and metabolic activity, as also 

observed in the PDLSC spheres in the present study. A significantly high protein 

synthesis in OM-induced spheres, especially at Days 14 and 21, may be attributed to the 

synthesis of bone ECM proteins by osteoprogenitor cells developed from the PDLSCs in 

the sphere. 

 A number of culture techniques have been used to prepare spheres of various cell 

types in order to generate organ-like tissues, such as cartilage, lung and bone.6-11 A cell 

micropellet cultured at the medium/air interface on a stainless steel grid has been shown 

to develop mineralized bone matrix quite fast (only after 7 days under osteogenic 

induction), but this technique seems to be technically complicated and may result in an 

irregular shape of the sphere.26 Although it has been suggested that formation of spheres 

in poly-2-hydrxyethylmethlacrylate (poly-HEMA)-coated 96-well plates may be a 

convenient way to culture homogeneous osteogenic spheres,10 it is possible that the 

addition of poly-HEMA to prevent cell adhesion may influence the growth, differentiation 

and importantly the viability of spheres. Moreover, the use of a 96-well plate significantly 

limits the size of bone-like spheres obtained. In contrast, a culture technique using a 

polypropylene tube culture, currently used in the present study, produces a much greater 

size of the osteogenic spheres compared with that cultured in the 96-well plate,10 and 

also allows osteogenic differentiation of PDLSCs, as shown in the present study.  

 The results of the present study showed that under osteogenic induction, PDLSC 

spheres formed a high amount of alizarin red S-positive calcium containing deposits, 

suggesting that PDLSCs in 3D spheres are able to undergo osteoblast differentaiton as in 
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the conventional 2D culture system. This is supported by the Q-PCR results which 

showed that all key markers associated with osteoblast differentiation examined were up-

regulated throughout the time course studied (Fig. 3). In contrast, there was only little, if 

any, calcified deposits in the spheres cultured under standard non-induced media (without 

the addition of dexamethasone, ascorbate-phosphate, and β-glycerolphosphate), 

suggesting that PDLSCs in the sphere could not differentiate along with the osteoblastic 

lineage. In line with the mineralization of the osteogenic PDLSC spheres, the expression 

of key markers associated with osteoblast differentiation determined in the present study 

were significantly up-regulated throughout the course of differentiation. It is known that 

Runx2 and Dlx5 control osteoblast differentiattion of stem cells to progress to 

osteoprogenitor cells and then to fully functional osteoblasts, producing key bone matrix 

proteins, such as ALP, BSP and OC, which involve in cell adhesion and mineralization of 

the bone matrix.27 Differential expression of osteoblast-related genes occurs as the 

osteoprogenitor cells differentiate and the bone matrix matures and mineralizes.28 The 

ALP gene is first up-regulated but then down-regulated as mineralization progresses.29 

BSP is transiently expressed at the very early stage and then increases again in 

differentiated osteoblasts, while OC is detected mainly during the mineralization stage.29 

Similar pattern of the ALP activity and of the expression of these osteoblast-related genes 

was observed in osteogenic PDLSC spheres cultured in the present study, suggesting 

that the cultured osteogenic sphere system used in the present study allows physiologic 

differentiation of PDLSC into functionally active osteoblasts, and thus forming bone-like 

3D spheres in vitro. 
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 In the present study, cells in the cultured PDLSC spheres maintained their ability 

to grow, suggesting that both non-osteogenic and osteogenic spheres remained vital after 

21 days in the 3D in vitro culture. It is possible that the presence of cell-to-cell and cell-to-

ECM interactions in the spheres may help retain the viability and suppress apoptosis of 

PDLSCs cultured in 3D sphere, possibly via the adhesion molecule signaling pathway, as 

previously reported.30-32 Moreover, the mitogens and survival factors, acting paracrine or 

autocrine, secreted within the PDLSC spheres may act much more effectively at a high 

cell density where cells are close in contact to each other. Furthermore, dilution of these 

factors may occur in cultures in which the cells are surrounded by medium while, in 

organoid culture, diffusion into the medium may be prevented by the dense cell mass.26 

However, further detailed studies are required to investigate these possibilities. 

 In conclusion, the present study has shown that PDLSCs may undergo osteoblast 

differentiation in an osteogenic scaffold-free 3D spheroid culture, producing bone-like 

mineralized matrix in vitro. This suggests the osteogenic potency of the osteogenic 

PDLSC spheres. Moreover, the osteogenic 3D sphere culture of PDLSCs developed in 

the present study could be beneficial for the study of cellular architecture and molecular 

biology of bone formation under 3D culture systems. 
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