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Abstract

Protein-based therapeutic agents intended for bone diseases should ideally exhibit a high affinity to bone tissue, so that their
systemic administration will result in specific delivery to bone with minimal distribution to extra-skeletal sites. This was shown
possible in the authors’ lab by modifying a desired protein with bisphosphonates (BPs) that exhibit an exceptionally high affinity to
the bone-mineral hydroxyapatite. In this review, we explore the potential applications of that concept by summarizing the bone
diseases and candidate proteins that will benefit from the proposed bone delivery approach. A selective synopsis of BP synthesis is
presented to highlight the synthesis of functional BPs suitable for covalent attachment to proteins. Finally, we present a summary
of recent research results from the authors’ laboratory emphasizing factors influencing bone affinity of the conjugates. We
conclude with future research avenues that are considered critical for clinical entry of the BP-targeted therapeutic agents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

An ideal therapeutic agent for bone diseases should
restrict its pharmacological activity specifically to bone
sites, with minimal effects at other non-skeletal sites.
This requires the therapeutic agent to be localized to
bones after systemic administration with minimal
distribution to other sites. This is feasible if the
therapeutic agent only exhibits a high affinity to bone
tissue, so that it is bound and retained in bones [1].
Bone is distinguished from the rest of the body by the
presence of a tissue-specific mineral, hydroxyapatite,
Ca;o(PO4)s(OH),, which is not present in other tissues
under normal circumstances, except pathological cal-
cification at other tissues. Therefore, molecules with
high affinity to hydroxyapatite are expected to be
specifically delivered to bones after systemic distribu-
tion. Although hydroxyapatite is known for its binding
capability to a wide variety of molecules (e.g., basis for
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utilization of hydroxyapatite-affinity chromatogra-
phy), most therapeutic agents intended for bone
diseases do not have a particular affinity to bone
hydroxyapatite under the physiological conditions.
This is because of a lack of a sufficiently high specific
activity and competition from the other ions, organic
molecules, and proteins present in the physiological
milieu. One exception is a class of molecules known as
bisphosphonates (BPs), which exhibits a strong affinity
to bone mineral under physiological conditions.
Systemic administration of BPs commonly results in
20-50% deposition of the molecules at bone tissues,
with minimal accumulation at other sites (usually
excreted in urine) [2]. BPs are structurally analogous
to the endogenous inorganic phosphate, pyrophos-
phoric acid (Fig. 1). Replacement of the central oxygen
(O) atom in the pyrophosphate with a carbon (C) in BPs
allows one to incorporate additional functionalities to
the BPs. Depending on the structural details of a BP [3],
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Fig. 1. The structure of pyrophosphoric acid and a geminal BP. Common members of the BP family are also shown.
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