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A new dendrimer probe was designed for bone imaging. Bidentate iminodiacetate
groups were introduced to the probe to obtain strong bind to bones. The
assembled dendrimeric probe, with four iminodiacetate moieties and a fluorescent
tag, displayed good selectivity to hydroxyapatite, calcium oxalate and calcium
phosphate salts. In mice, the probe offered vivid skeletal details after intravenous

2009 Elsevier Ltd. All rights reserved.

Bones represent over 99% of the calcium deposits in the
human body. With the exception of teeth and pathological
calcifications, bones differ from other body tissues in their
unique calcium mineral composition, which consists mainly
of hydroxyapatite (HA). -Because of this characteristic,
molecules that recognize HA could be used to deliver drugs or
imaging agents for the treatment and diagnosis of bone
diseases.

Bisphosphonates (Figure 1) are the most widely used class of
compounds for the selective binding of HA and, because of
their ability to interfere with the activity of osteoclasts, they
are effective in the treatment of osteoporosis, Paget’s disease,
and malignant hypercalcemia." > Bisphosphonates are analogs
of the natural bone-binding molecule pyrophosphate, where
the oxygen between two phosphates is replaced with a carbon
atom. This achieves a better stability against biological
degradation without losing its ability to chelate the calcium in
the hydroxyapatite of bones.**
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Figure 1. Schematic structure of bisphosphonates, y-carboxy-glutamic
acid (Gla), glutamate (Glu) and iminodiacetate (IDA)

Bisphosphonates have been widely exploited not only to
deliver therapeutic agents to the bones, but also for medical
diagnoses when they are chelated to a radiotracer. An
example is *"Tc-methylene diphosphonate (MDP), which
detects metastatic bone cancer, Paget’s disease and
osteoporotic fractures via bone scintigraphy.® Near-infrared
fluorescent dyes can be conjugated to the bisphosphonates as
an alternative to radioisotopes in pre-clinical studies.® Though
bisphosphonate is an excellent bone targeting agent, it causes
side effects, such as osteonecrosis.” Non-bisphosphonate
based bone homing agents thus have also been explored.

Peptide-based molecules are the second major category of
bone targeting ligands, and most of them are derived from
natural bone binding proteins.>** These peptides all contain
an unusually high density of acidic amino acid residues.
Poly-glutamate (poly-Glu) and poly-aspartate (poly-Asp)



peptides, for example, have been used for bone targeting.” *

These peptides chelate calcium salt through multiple
carboxylates present on the side chain of amino acids.
Recently, a (AspSerSer)s polypeptide that transports an
siRNA containing liposome to bone was reported.™ Although
several acidic peptides for bone delivery have been
documented, their affinity is suboptimal.

Osteocalcin is a protein that is produced by the osteoblasts,
and involved in bone formation and healing. Osteocalcin
binds to HA through a region with three y-carboxy-glutamic
acid (Gla) residues (Figure 1). Gla is an unusual amino acid
that is derived from glutamic acid through the addition of a
second carboxylic acid functional group on the side chain via
the vitamin K-dependent y-carboxylation.® Previously a 19-
mer peptide, called HABP-19, that incorporated six residues
of Gla was developed by us and showed excellent properties
as a bone imaging probe both in vitro and in vivo.® In that
study, it was found that the peptide lost its affinity to HA if
the unusual bidentate Gla residues were replaced by normal
Glutamate (Glu) residues (Figure 1), which have only one
carboxyl group on the side chain, suggesting the critical role
of the bidentate structure. An iminodiacetate (IDA) group
(Figure 1), which imitates the bidentate structure of di-
carboxylate group on the Gla side chain, has been explored
for bone binding. Dendritic tetra-iminodiacetate moieties were
used to deliver a deep-red fluorescent probe™ and an iodine
rich computer tomography (CT) contrast agent.® Preclinical
animal studies have shown that a multi (more than two) IDA
moiety, could be applied to target bones.’> " In addition, the
study also indicated that the distance between the carboxylic
acid and the nitrogen in the chelating moiety is critical in HA
binding.’® It was reported that one-carbon spacer (i.e. IDA,
iminodiacetate) was significantly better than a two-carbon
spacer (i.e. iminodipropionate).

These findings led us to develop a simple bone-targeting
domain with a flexible modularity. Our approach was to
reduce the size of the structure and the number of negatively
charged residues that could complicate purification, by
moving towards a dendritic arrangement via a simple
coupling reaction. A simple fluorescent bone-imaging agent,
termed iminodiacetate-modified poly-L-lysine dendrimer
(IMPLD, 9), was synthesized using a convergent approach
(Scheme 1). To avoid the use of costly Gla residues for HA
chelation, a fully protected di-IDA containing a di-lysine
block (5) was obtained through a nucleophilic substitution of
tert-butyl bromoacetate (4) to the g-amino groups of the a-
acetylated Lys dimer (3, Figure S1). The preparation of the
solution for this fully protected di-IDA block (5) has made the
synthesis of IMPLD straightforward. The core di-lysine
peptide (6) was prepared on a Rink amide resin with Fmoc-
Lys (ivDde) and Fmoc-Lys(Fmoc) residues, following the
standard solid phase synthesis. The two Fmoc protecting
groups were simultaneously removed on the resin to react
with the di-IDA block (5). Thereafter, the removal of the
ivDde group led to a free g-amino group on the C-terminal
lysine side chain (7). This was used for the subsequent
conjugation with a reporter or compound of interest. In this
study, two fluorescent tags, fluorescein and cyanine 5.5 (Fig
S2), were conveniently attached to demonstrate their usages.
The prepared IMPLD was purified by HPLC and
characterized by Mass spectrometry and NMR.
(Supplementary information)

An alternate divergent synthetic approach was also
investigated. The IDA-modified lysines were first synthesized
from Fmoc-L-lysine and tert-butyl bromoacetate and then
added step by step onto the core on the solid support.
However, this strategy was found to be inefficient and led to
low yields and difficult purification (data not shown). Peptide
dendrimers are known to be difficult to purify and
characterize,’® especially when the divergent approach is
followed.™ The current convergent synthesis is preferred to
the divergent because it allows for a second purification step
before coupling the di-IDA block (5) to the core (6). This
second purification makes the final purification easier and
more effective; despite the incomplete coupling side-products
that were still detected. These impurities are believed to be
due to the steric hindrance of.the ‘dendritic structure that
impedes the complete coupling of the side chains to the core.
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Scheme 1. Convergent synthesis of IMPLD (9) by coupling two di-
lysine(IDA) blocks (5) to a di-lysine core (6) on a solid support.

The purified IMPLD with a fluorescein tag (9) was tested in
vitro for its ability to bind biologically relevant calcium salts.
Five major calcium salts found in the human body are HA,
calcium oxalate (CaOx), calcium carbonate (CaCOs3), calcium
phosphate (Ph), and calcium pyrophosphate (Py). HA is the
main component in bones and teeth. It is also found in
atherosclerotic plaques and osteotropic tumors, such as breast
and prostate cancers.” ? CaOx is present in tumors as well,
but contrary to HA, it is found mostly in benign tumors.?" %
CaOx, together with calcium phosphate, is also the main



component of nephrolithiasis.”** Py is deposited in the joints
in pathological conditions such as pseudogout.?®

After incubating the fluorescein label IMPLD (10 uM) with
the salts for 3 hours, the supernatants were collected and their
absorbance was compared to the original solution. The
reduction in the absorbance was interpreted as the binding of
the IMPLD molecules to the surface of the salts. A lower
absorbance, therefore, corresponds to a higher affinity of
IMPLD for the salt. The results were reported as a percentage
of binding (Figure 2a). The best bindings were obtained for
CaOx, Ph, and HA with 93%, 77% and 61%, respectively,
while IMPLD bound poorly to CaCOj3 and Py. The binding of
IMPLD can be visualized on the precipitated salts with the
naked eye (Figure 2c) and looking at the difference in the
fluorescence of the supernatant (Figure 2b).
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Figure 2. Comparison of IMPLD binding to calcium salts. IMPLD in
TRIS buffer (100 pL, 10 uM) were incubated for 3 h with 2.5 mg of
HA, CaOx, CaCOg, Ph and Py. (a) Percentage of binding of IMPLD; (b)
fluorescence intensity of the supernatant of IMPLD after 3 h incubation
with the salts; (c) photo of the salts treated with IMPLD after washing.

It is encouraging to find that IMPLD, with four external
bidentate IDA groups, is sufficient to achieve high HA
binding. Based on its affinity to HA, IMPLD could be used as
a bone homing ligand. In order to prove this potential in vivo,
fluorescein was replaced with a more suitable near-infrared
fluorescent dye, cyanine 5.5 (Cy5.5-IMPLD, Fig S2), and was
conjugated to IMPLD using the same method.

After the intravenous injection of Cy5.5-IMPLD (20 nmol),
the anterior images showed an immediate whole body
distribution and a fast kidney elimination of the probe (Fig
3a). A high fluorescence signal was seen in the bladder at 3
and 6 hours post injection. The fluorescence signal started to
appear in the bones within hours and was retained for weeks.
A further clearance of the background signal made the bone
signal more apparent. For example, at day 4, a strong signal
was clearly seen in the knees and rib cage. The contrast ratio
of bone to muscle continued to increase until 2 weeks. The
maximum contrast was ~ 5 folds above the background, and
the signal was sustained for more than 4 weeks in vivo (Fig
3b). Dorsal images also showed a high initial accumulation of

the probe within the kidney (Figure S3, Supplementary
information). The ex vivo image of the excised organs further
confirmed the initial accumulation of the probes in the kidney
and liver at day 1, while the probe was completely cleared
from most organs 2 weeks later (Figure S4, Supplementary
information). Fluorescence imaging was conducted ex vivo
after the skin was removed. Without the interference of the
skin, the ex vivo fluorescence images showed remarkable
details of the bone structures, such as the sternum, vertebra,
rib cage, femur and tail (Figure 3c), indicating that IMPLD
did have a good affinity to bone. Its safety was then validated
by incubating IMPLD (0.1 — 50 pM)- with NIH3T3
fibroblasts, and the MTS cytotoxicity assay confirmed that
IMPLD is not toxicity at this range (Fig S5).
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Figure 3. In vivo and ex vivo fluorescence images post injection of
IMPLD. The time dependent images were obtained after injection of 20
nmol of IMPLD with PBS intravenously. (a) In vivo optical images of
anterior view at the indicated time points. The fluorescence of marked
areas in knees and thigh muscle were measured.; (b) contrast ratios
between mean fluorescent intensity of knee and that of thigh muscle at
different time points; (c) ex vivo images at week 2 post injection of
IMPLD showed the clear fluorescent signal in the various bones.

The in vivo image study of the fluorescently labeled IMPLD
showed preferential bone accumulation. Although all bones
could be labeled, the highest signal was observed in bones
located near growth plates, such as the femoral heads, lumbar
vertebrae, and scapulae. Previously, we have used the
osteocalcin mimic HABP-19 to demonstrate that the HA
binding probes are useful not only for bone images but also
for the diagnosis of pathological calcifications such as breast
and arterial calcifications, which could be a sign of breast
cancer® and atherosclerosis,”’ respectively. It is rational to
postulate that IMPLD might have similar medical potential.
Compared to HABP-19, IMPLD has though the advantage of
an easier preparation.

Herein the in vitro characterization and in vivo validation
preparations of a new tetra-IDA containing IMPLD are
described. IMPLD exploits bidentate IDA groups for HA
binding. This non-bisphosphonate bone homing agent could
find an application in the diagnosis of orthopedic diseases,
such as osteoporosis and hyperostosis, as well as arterial
calcifications or decalcifications. IMPLD’s modularity, allows
for the possibility of replacing the fluorophore with chelators



for radioisotopes. With further structural modifications to
achieve the appropriate pharmacokinetics, IMPLD could be a
valuable lead compound for various imaging techniques, such
as PET and SPECT. IMPLD also showed an efficient binding
to CaOx and HA, found in osteotropic tumors. This allows
IMPLD to be employed in the diagnosis of these tumors, or to
be used as targeting ligand for the delivery of chemotherapy
drugs or therapeutic agents. IDA functionalization could be
used as a general approach to bone targeting by increasing
affinity for HA, enabling the transport of other molecules or
particles to bones.
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