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abstract

Carbonate-substituted hydroxylapatite is the inorganic component in bone. The nanometer size of 
ERQH�FU\VWDOOLWHV�DQG�WKHLU�LQWHUZHDYLQJ�ZLWK�VXEHTXDO�YROXPHV�RI�FROODJHQ�¿EULOV�PDNH�WKH�FKHPLFDO�
DQDO\VLV�RI�WKH�ERQH�PLQHUDO�H[WUHPHO\�GLI¿FXOW��7KH�IHZ�FKHPLFDO�DQDO\VHV�WKDW�DUH�DYDLODEOH�FRP-
monly were made on ashed bone, which, in addition to mineral, also includes chemical residues of 
collagen. For the present study, we chose the rostrum of the whale Mesoplodon densirostris. Its mineral 
FRQWHQW�RI�XS�WR����ZW��PDNHV�LW�DQ�LGHDO�PDWHULDO�IRU�SXUVXLQJ�WKH�FKHPLVWU\�RI�ELRDSDWLWH�ZLWKLQ�
ERQH��%RWK�EXON��;�UD\�ÀXRUHVFHQFH��WKHUPRJUDYLPHWU\��DQG�FDUERQ�DQDO\VLV��DQG�SRLQW�DQDO\VHV�DQG�
HOHPHQW�PDSSLQJ��HOHFWURQ�PLFURSUREH��ZHUH�DSSOLHG�WR�WKLV�GHQVHVW�RI�ERQH�PDWHULDOV��,WV�ELRDSDWLWH�
has an average carbonate content of a8 wt% and an average Ca/P atomic ratio of 1.7. The rostrum 
VKRZV�H[WUHPHO\�ORZ�FRQFHQWUDWLRQ�WUDFH�HOHPHQWV��$O��6L��)H��7L��DQG�6U��DQG�VRPH�PLQRU�HOHPHQWV�
�.�DQG�&O��DV�LQ�W\SLFDO�ERQH�PDWHULDOV��+RPRJHQHLW\�RI�HOHPHQWDO�GLVWULEXWLRQ�LV�GHPRQVWUDWHG�LQ�
typical mineral-dominated areas within the rostrum sections except around a few vascular holes and 
YHVVHOV��7KH�YHU\�JRRG�FRUUHODWLRQ�EHWZHHQ�HOHFWURQ�PLFURSUREH�SRLQW�DQDO\VHV�DQG�WKH�;5)�EXON�
DQDO\VHV�RI�WKH�URVWUXP�LQGLFDWH�WKH�ODWWHU�WR�EH�D�XVHIXO�FKHPLFDO�PRGHO�RI�ERQH�PLQHUDO��7KH�EXON�
DQDO\VLV�VKRZV�WKDW�WKH�ELRDSDWLWH�LQ�WKH�URVWUXP�KDV�DQ�DYHUDJH�FRPSRVLWLRQ�RI��&D8.40Mg0.20Na0.54�
>�324�4.87�&23�1.13@�2+�0.87.
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introduction

7KH�K\GUR[\ODSDWLWH� �2+$3��� >&D10�324�6�2+�2], member 
of the apatite group, is a relatively rare occurrence geologically 
�0LWFKHOO�HW�DO��������3DQ�DQG�)OHHW��������EXW�LW�LV�WKH�EDVLV�RI�DOO�
biological forms of apatite. Bioapatite is a carbonate-containing 
YDULHW\�RI�2+$3��ZKLFK�IRUPV�WKH�LQRUJDQLF�FRPSRQHQW�RI�ERQH��
WRRWK�HQDPHO��DQG�WRRWK�GHQWLQ��*OLPFKHU�������������/H*HURV�HW�
DO��������0F&RQQHOO�������%LOW]�DQG�3HOOHJULQR�������/H*HURV�
������5H\�HW�DO������������E��(OOLRWW��������������'HVSLWH�WKH�
LPSRUWDQFH�RI�ERQH�PLQHUDO�LQ�WKH�ELRPHFKDQLFV�RI�ERQH��&XUUH\�
������DQG�WKH�FKHPLFDO�HTXLOLEULXP�LQ�WKH�ERG\��%LOW]�HW�DO���������
the exact chemistry of bone apatite has not been fully defined.

A typical bone, e.g., human femur, consists of a55 wt% min-
eral, a35 wt% collagen, and a���ZW��ZDWHU��5RJHUV�DQG�=LRXSRV�
�������0LQHUDO�WKHUHIRUH�LV�WKH�PRVW�DEXQGDQW�FRPSRQHQW�ZLWKLQ�
ERQH��+RZHYHU��WKH�ERQH�PLQHUDO�FU\VWDOOLWHV�DUH�QDQRPHWHU�LQ�
scale, and they are intimately interwoven with collagen fibrils 
�*OLPFKHU�������&XUUH\�������5H\�HW�DO������D���%HFDXVH�RI�WKH�
analytical challenge posed by the nanocomposite we call bone, 
UHODWLYHO\�IHZ�FKHPLFDO�DQDO\VHV�RI�PDMRU��&D��3��DQG�2��DQG�PL-
QRU��1D��0J��6��)��&O��DQG�.��HOHPHQWV�RI�ERQH�DQG�ERQH�PLQHUDO�
KDYH�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH�VLQFH�WKH�����V��/H*HURV�
������'ULHVVHQV�������/H*HURV�DQG�/H*HURV�������=LRXSRV�HW�
DO��������(OOLRWW�������6NLQQHU��������0RUHRYHU��PRVW�RI� WKH�
reported chemical compositions were not obtained on the actual 

PLQHUDO�FU\VWDOOLWHV��EXW�UDWKHU�RQ�WKH�UHVLGXHV�RI�ERQH��UHIHUUHG�
WR�DV�ERQH�DVK���L�H���DIWHU�KHDWLQJ�WR�DW�OHDVW������&��/H*HURV�
DQG�/H*HURV��������6XFK�UHVLGXHV�PD\�FRQWDLQ�LRQV�IURP�DVKHG�
collagen as well as from the original mineral. The published 
FKHPLFDO�GDWD�DUH�EDVHG�PDLQO\�RQ�VLQJOH�EXON�DQDO\VHV�RI�PDMRU�
HOHPHQWV�E\�;�UD\�IOXRUHVFHQFH��;5)��RU�LQGXFWLYHO\�FRXSOHG�
SODVPD�RSWLFDO�HPLVVLRQ�VSHFWURPHWU\��,&3�2(6��

Bioapatite in bone is chemically more complex than end-
member hydroxylapatite, as well as being typically defect-rich 
and non-stoichiometric. There are numerous chemical sub-
stitutions in bone apatite, the most important of which is the 
VXEVWLWXWLRQ� RI� FDUERQDWH� �0F&RQQHOO� ������/H*HURV� ������
5H\�HW�DO��������'DFXOVL�HW�DO��������3HWHUV�HW�DO��������(OOLRWW�
������'RUR]KNLQ��������DQG�WKH�GHJUHH�RI�FDUERQDWLRQ�GLIIHUV�
DPRQJ�YHUWHEUDWH�JURXSV��%LOW]�DQG�3HOOHJULQR�������5H\�HW�DO��
�������,W�LV�WKH�324

3–�DQG��WR�D�OHVVHU�H[WHQW��WKH�2+– ions that 
XQGHUJR�VXEVWLWXWLRQ�E\�&23

2–. The charge imbalance is compen-
sated by depleting calcium and hydroxyl ions in the mineral, 
WKHUHE\�FUHDWLQJ�YDFDQFLHV��/H*HURV�������(OOLRWW�������5H\�HW�
DO������E���%RQH�PLQHUDO¶V�VWRLFKLRPHWU\�DQG�FRPSRVLWLRQ�DUH�
EHWWHU�UHSUHVHQWHG�E\�D�IRUPXOD�VXFK�DV��&D�0J�1D�10–x>�324�6–x 

�&23�x@�2+�2–x��(OOLRWW�������5H\�HW�DO������E���ZKLFK�UHIOHFWV�
the interconnections among substitution, charge balance, and 
formation of vacancies. Despite the recognized fact that not all 
bone has an identical mineral composition, our understanding of 
bioapatite and our ability to test the appropriateness of formulas 
OLNH�WKH�RQH�DERYH�ZRXOG�EH�HQKDQFHG�E\�WKH�DFTXLVLWLRQ�RI�EHWWHU�
mineral analyses of selected bone samples.
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