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Drug delivery of glycosaminoglycan to the bones to promote bone regeneration
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Artificial Bone Retention of Zr-LMWH-D8 vs DO
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In our previous work, we developed a low-molecular-weight heparin—aspartic acid octapeptide conjugate (LMWH-DS) that
selectively accumulates in bone through specific binding to hydroxyapatite. Co-impregnation of LMWH-D8 and BMP-2 into
artificial bone significantly enhanced bone formation compared with BMP-2 alone in a rat posterolateral lumbar fusion model,
indicating that LMWH-D8 can deliver BMP-2 specifically to bone and promote osteogenesis with potential clinical
applicability. Based on these findings, the aim of the present project was to evaluate the in vivo usefulness of LMWH-D8

after both local and systemic administration, and to explore less invasive systemic delivery routes.

First, we established a robust and reproducible synthetic process for LMWH-DS. The synthesis protocol was transferred to
an external contractor under a confidentiality agreement, enabling stable production of highly purified LMWH-DS. This
achievement secures a reliable supply of the compound and represents an important step toward future scale-up and eventual

good manufacturing practice (GMP)-grade drug manufacturing.

Second, we investigated the effect of LMWH-D8 co-administration on local BMP-2 retention within artificial bone. Taking
advantage of the growth factor—binding capacity of LMWH, we hypothesized that bone-binding LMWH-D8 within the
scaffold would bind BMP-2, prolong its local retention, and help maintain osteoinductive activity. Artificial bone was
impregnated with PBS, LMWH-DS alone, BMP-2 alone, or LMWH-DS8 plus BMP-2, and BMP-2 retention within the scaffold
at defined time points was quantified by PID imaging using an anti-BMP-2 antibody. Although the LMWH-DS8 plus BMP-2
group showed the highest signal on day 0, the signal decreased rapidly thereafter. These findings suggest that BMP-2 is more
rapidly consumed in the presence of LMWH-DS, likely reflecting enhanced local BMP-2 signaling and accelerated bone
formation. Such a release profile may help mitigate complications associated with burst release of BMP-2, including wound

edema, nonunion, and ectopic ossification.

Third, we evaluated systemic bone targeting of LMWH-D8 using positron emission tomography (PET). LMWH-DS8 was
modified with a chelator and labeled with zirconium-89 to generate a PET probe, and bone delivery was confirmed 24 hours
after intravenous administration. In addition, PET imaging of artificial bone impregnated with LMWH-DS8 or a control
conjugate (LMWH-DO0) and implanted in mice showed that LMWH-D8 exhibited higher retention in the scaffold up to day 7,

supporting its superior binding to bone.

Finally, we explored a minimally invasive systemic administration strategy by developing a transdermal formulation of
LMWH-D8 based on Solid-in-Oil and ionic liquid technologies. Using an ionic liquid—based S/O formulation encapsulating
LMWH-DS, transdermal administration in mice followed by fluorescence imaging of undecalcified bone sections
demonstrated that LMWH-D8 successfully reached bone. Although this experiment was conducted in a limited number of

animals due to material constraints, the results broaden the potential for low-invasive systemic delivery of LMWH-DS.



