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The high concentration of mineral present in bone and pathological calcifications is unique compared with all
other tissues and thus provides opportunity for targeted delivery of pharmaceutical drugs, including
radiosensitizers and imaging probes. Targeted delivery enables accumulation of a high local dose of a therapeutic
or imaging contrast agent to diseased bone or pathological calcifications. Bisphosphonates (BPs) are the most
widely utilized bone-targeting ligand due to exhibiting high binding affinity to hydroxyapatite mineral. BPs
can be conjugated to an agent that would otherwise have little or no affinity for the sites of interest. This article
summarizes the current state of knowledge and practice for the use of BPs as ligands for targeted delivery to bone
and mineral deposits. The clinical history of BPs is briefly summarized to emphasize the success of these mole-
cules as therapeutics for metabolic bone diseases. Mechanisms of binding and the relative binding affinity of var-
ious BPs to bone mineral are introduced, including commonmethods for measuring binding affinity in vitro and
in vivo. Current research is highlighted for the use of BP ligands for targeted delivery of BP conjugates in various
applications, including (1) therapeutic drug delivery for metabolic bone diseases, bone cancer, other bone dis-
eases, and engineered drug delivery platforms; (2) imaging probes for scintigraphy, fluorescence, positron emis-
sion tomography, magnetic resonance imaging, and computed tomography; and (3) radiotherapy. Last, and
perhaps most importantly, key structure–function relationships are considered for the design of drugs with BP
ligands, including the tether length between the BP and drug, the size of the drug, the number of BP ligands
per drug, cleavable tethers between the BP and drug, and conjugation schemes.
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Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2. History of bisphosphonates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3. Bisphosphonate binding to bone and mineral deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1. Effects of mineral type and crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2. Effects of bisphosphonate molecular structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3. Comparisons to other mineral-targeting ligands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4. Common methods used to measure binding affinity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.4.1. Langmuir adsorption isotherms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4.2. In vitro methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4.3. In vivomethods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4. Applications of bisphosphonates as a targeting ligand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1. Therapeutic drug delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.1. Metabolic bone disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1.2. Bone cancer and metastases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
iews theme issue on “Non-Antigenic Regulators-Maiseyeu”.
-1309587); St. Joseph Regional Medical Center; Walther Cancer Foundation
and Mechanical Engineering, Bioengineering Graduate Program, 148 Multidisciplinary Research Building, University of Notre

http://dx.doi.org/10.1016/j.addr.2015.10.005
mailto:rroeder@nd.edu
http://dx.doi.org/10.1016/j.addr.2015.10.005
http://www.sciencedirect.com/science/journal/0169409X
www.elsevier.com/locate/addr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2015.10.005&domain=pdf


13L.E. Cole et al. / Advanced Drug Delivery Reviews 99 (2016) 12–27
4.1.3. Other bone diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.4. Engineered drug delivery platforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2. Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2.1. Novel bone scintigraphy agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2.2. Targeted fluorescence imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2.3. Targeted PET, MRI, X-ray imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3. Radiotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5. Design considerations for future investigations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5.1. Tether length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2. Size of the payload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.3. Number of BP ligands per payload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.4. Cleavable tethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.5. Conjugation scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

6. Conclusion and future outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1. Introduction

Bonepathologies and pathological calcifications in soft tissues can be
diagnosed and treated by targeted delivery of imaging probes and phar-
maceuticals to these mineral sites. Metabolic bone diseases are charac-
terized by an increase in bone resorption resulting in an imbalance
between bone formation and resorption [1]. These diseases include os-
teoporosis, Paget's disease, bone cancers or metastases, and osteomala-
cia. The imbalance between bone formation and resorption results in
undesired effects such as bone loss, enlarged or weak bones, and
fractures [1]. Pathological calcifications are deposits of mineral in
soft tissues, such as arterial calcifications in atherosclerosis [2–4],
microcalcifications in breast tissue [5], and kidney stones [6]. These ab-
normal mineral deposits can cause pain, tissue malfunction, and possi-
bly even death if not detected and treated.

The high concentration of mineral present in bone and pathological
calcifications is distinct compared with all other tissues and thus pro-
vides opportunity for targeted delivery of drugs, including radio-
sensitizers and imaging probes. Targeted delivery enables the specific
accumulation of a high local concentration of a therapeutic or imaging
contrast agent to diseased bone or pathological calcifications. One ap-
proach to target agents with little or no affinity for bone or mineral
deposits is to conjugate the agent to a mineral-binding molecule.
Bisphosphonates (BPs) are the most widely utilized bone-binding li-
gand due to exhibiting high binding affinity to hydroxyapatite mineral.
The high binding affinity of BPs for hydroxyapatite is a well-established
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and nanoparticles, for targeting mineral in bone and pathological calcifications for drug deliver
property of BPs that was discovered in the 1960s and has led to the
widespread use of BPs as drugs to treat metabolic bone disorders [7].

The overall goal of this review is to summarize the current state of
knowledge and practice for the use of BPs as ligands for targeted deliv-
ery to bone and mineral deposits (Fig. 1). The clinical history of BPs is
first summarized to highlight the success of these molecules as drugs
for metabolic bone diseases, due to the high binding affinity between
BPs and bone mineral. Mechanisms of binding and the relative binding
affinity of various BPs to bone mineral are introduced, including com-
monmethods formeasuring binding affinity in vitro and in vivo. Current
research is highlighted for the use of BP ligands for targeted delivery in
various applications, including therapeutic drug delivery, imaging
probes, and radiotherapy (Fig. 1). Last, and perhaps most importantly,
key structure–function relationships are considered for the design of
drugs with BP ligands, including the tether length between the BP and
drug, the size of the drug, the number of BP ligands per drug, cleavable
tethers between the BP and drug, and conjugation schemes.

2. History of bisphosphonates

BPs are a class of molecules used clinically to treat metabolic bone
diseases by inhibiting the process of bone resorption. The first evidence
for the biological function of BPs was reported by Fleisch and colleagues
in 1968 [8]. Inorganic pyrophosphate (Fig. 2) was discovered to inhibit
the formation and dissolution of calcium phosphonate crystals [9], sug-
gesting that pyrophosphate regulates bone resorption and formation.
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BPs were subsequently synthesized as a more chemically stable analog
of pyrophosphate, where the oxygen molecule bound to the two phos-
phonatemolecules in pyrophosphate (P–O–P)was replaced by a carbon
(P–C–P) (Fig. 2). This elemental substitution resulted in bonds thatwere
resistant to degradation, creating biologically active molecules that
were similar in structure to pyrophosphate and capable of being
delivered to bone in vivo without degradation by hydrolysis [10]. The
first synthesized BPs (sodium dichloromethylene diphosphonate, sodi-
um methylene diphosphonate, and sodium ethane-1-hydroxy-1,1-
diphosphonate)were shown to significantly impair in vivo bone resorp-
tion in rats [10–12], which sparked interest in exploring BP compounds
as therapeutics for bone diseases.

A BP therapeutic was first used in humans to inhibit undesired cal-
cification. In 1969, etidronate (Fig. 2) was given to a child with
fibrodysplasia ossificans progressiva to treat ectopic calcification [13].
Etidronate was also used to treat ectopic calcifications after spinal
cord injury or total hip replacement [8]. However, the efficacy of etidro-
nate in these cases has been inconclusive, perhaps due to the relatively
lower binding affinity of etidronate discussed below. Additionally, the
dose required to inhibit pathological calcifications in humans, such as
kidney stones, was found to also impact normal mineralization [14].
Therefore, etidronate was abandoned for use as an inhibitor of ectopic
calcification [8]. The next clinical use of a BPwas a bone-targeting radio-
nuclide for nuclear imaging [15], whichwas developed in the 1970s and
is still used today. Bone scintigraphy is a nuclear imaging technique
used to detect areas of high bone turnover associated with stress
fractures, Paget's disease lesions, and bone cancers or metastases. A BP
molecule is conjugated to a gamma-emitting technetium isotope, such
that the radionuclide rapidly accumulates in areas of high bone metab-
olism after intravascular delivery due to the high binding affinity of BP
to bone mineral.

BPs are currently themost widely used therapeutic in the treatment
ofmetabolic bone diseases. BPswere introduced for the treatment of os-
teoporosis in the 1990s and are now the most commonly prescribed
pharmaceutical for the treatment of postmenopausal bone losswith an-
nual sales of millions of dollars [16]. The efficacy of BPs for inhibiting
bone resorption is largely due to the ability of BPs to selectively bind
to bone mineral [7,17] facilitating uptake by osteoclasts during
osteoclastic-mediated bone resorption. BPs inhibit the recruitment
and differentiation of osteoclasts, and cause morphological cellular
changes and osteoclast apoptosis [7,18–21], leading to reduced bone re-
sorption. The high selectivity of BPs for mineral also results in a low
overall cytotoxicity profile [22], which facilitated rapid clinical adoption
of these drugs. There are seven BP drugs currently approved for clinical
use in the U.S. by the Food and Drug Administration, which differ in the
structure of the side groups (R1 and R2) (Fig. 2).

3. Bisphosphonate binding to bone and mineral deposits

The structure of both the mineral and the BP has been shown to af-
fect binding affinity and must therefore be considered when choosing
the appropriate BP ligand for targeting. The most extensive research
has focused solely on the interaction between hydroxyapatite mineral
and BPs, due to widespread clinical use of BPs as therapeutics for
metabolic bone diseases.

3.1. Effects of mineral type and crystal structure

Bone contains the overwhelming majority of mineral in the human
body and is therefore crucial for calcium homeostasis. However,
relatively minute amounts of pathological mineral deposits can also be
associated with disease and are therefore crucial for diagnosis. The
mineral phase of bone is a highly substituted carbonated apatite,
which has a chemical and crystal structure similar to hydroxyapatite
(Ca5(PO4)3OH). Pathological mineral deposits occurring within soft
tissues are most commonly composed of hydroxyapatite or calcium
oxalate (CaC2O4).

BPs exhibit a relatively greater binding affinity to hydroxyapatite
compared with other calciumminerals such as calcium oxalate, calcium
carbonate, or calcium pyrophosphate [23–26]. This suggests that the
chemical binding of BPs is dependent on the crystal structure of the
mineral surface, where an increased concentration and themost appro-
priate spacing of superficial Ca2+ on hydroxyapatite surfaces enables a
higher binding affinity. This relationship is further evidenced by a
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lower binding affinity of BPs for carbonated apatite versus pure hy-
droxyapatite due to the distortion of the crystal structure by the substi-
tutions present in carbonated apatite [11,27]. The high binding affinity
of BPs to hydroxyapatite compared with other calcium minerals is im-
portant for both targeting or avoiding bone. BPs used to treat metabolic
bone diseases leverage selectivity for hydroxyapatite. On the other
hand, if BP ligands are intended to deliver therapeutics or imaging
probes to mineral deposits other than bone, the majority of the dose
may be taken upby bone rather than the desiredmineral site. High skel-
etal uptake of an agent intended to target pathological calcifications
may be detrimental for efficient targeting, dosing, and avoiding off-
target side-effects. Therefore, additional means may be needed to inde-
pendently target bone versus pathological calcifications. However, path-
ological calcifications are most commonly found in tissues that are
normally without mineral deposits when healthy (e.g., kidneys, aorta,
breasts) and sufficiently distanced from bone tissue, such that BP conju-
gate imaging agents can still be effective in detecting these calcifications
in spite of high skeletal uptake.

Hydroxyapatite selectivity may also be clinically useful in
mammographic screening for breast cancer by detecting breast
microcalcifications. Microcalcifications composed of hydroxyapatite
are more commonly associated with cancerous lesions compared with
those composed of calcium oxalate, which are nearly always associated
with benign lesions [5]. A BP conjugated near-infrared imaging probe
demonstrated selectivity for hydroxyapatite microcalcifications over
calcium oxalate microcalcifications in vitro [28] and in vivo in rats [26].
This creates opportunity to reduce or eliminate unnecessary biopsies
due to false positive detection of calcium oxalate microcalcifications
by screening microcalcifications based on the mineral composition.
Ca
O-

Fig. 3. Schematic representation of BPbinding to a hydroxyapatite crystal surface, showing
(a) bidentate binding involving the two phosphonates, (b) tridentate binding from the R1

side group (OH), and (c) additional interactions from a nitrogen containing R2 side group
(e.g., alendronate). These interactions have been investigated in detail using 3-D computa-
tional models [27,30].
3.2. Effects of bisphosphonate molecular structure

Themolecular structure of BPs (Fig. 2) greatly affects binding affinity
to hydroxyapatite (Fig. 3). The P–C–P backbone presenting two phos-
phonate groups for chelating calcium ions on hydroxyapatite surfaces
in a bidentate structure is critical for binding (Fig. 3). Other similar com-
pounds, such asmonophosphates or compoundswith P–N–P or P–C–C–
P backbones exhibit reduced binding affinity for hydroxyapatite [7]. The
R1 side group (Fig. 2) affects the binding affinity. BPs having an –OH in
the R1 [29] exhibit increased affinity due to the capacity for tridentate
binding to hydroxyapatite (Fig. 3) [27].

The R2 side groupwas originally thought to only impact the pharma-
cological activity of BP but recent studies demonstrated effects of the R2

side groups on binding affinity [11]. The kinetic binding affinity of six
different BPs for hydroxyapatite was measured to increase in the fol-
lowing order: clodronate, etidronate, risedronate, ibandronate,
alendronate, zoledronate [11]. Thus, BPs with a nitrogen in the R2 side
group (zoledronate, alendronate, ibandronate, risedronate) exhibited
a greater binding affinity than the non-nitrogen containing BPs (etidro-
nate and clodronate) (Fig. 2). Molecular modeling has suggested that
the nitrogen side groups may directly contribute to the binding affinity
via hydrogen bondingwith hydroxyl groups on hydroxyapatite surfaces
(Fig. 3) [27,30]. The binding affinity was influenced by both the angle
and distance of the N–H–O bond, with optimal binding occurring at a
bond angle ≥125° and a bond distance of 3 Å [27,30]. Based on these
3-D models, the molecular structure of alendronate is most advanta-
geous (132°, 2.7 Å), providing an explanation for the higher binding
affinity of alendronate compared with other nitrogen-containing BPs
[27,30]. Differences in binding affinity were also explained by changes
in the zeta potential of hydroxyapatite surfaces after adsorption of
BPs in vitro, due to the charge associated with the R2 side groups at
pH 7.4. As BPs with positively charged R2 side groups (zoledronate,
alendronate, ibandronate) bind the mineral surface, the zeta potential
of the hydroxyapatite surface shifts to becomemore positively charged.
This attracts the negatively charged phosphonate groups of BPs to bind
due to electrostatic attraction and increases the binding capacity on the
mineral surface [27].

3.3. Comparisons to other mineral-targeting ligands

Many other molecules besides BPs also exhibit bone-targeting char-
acteristics.Many noncollagenous proteins that are found in bone exhibit
binding affinity to hydroxyapatite [31] due to repeating amino acids
such as glutamic or aspartic acid [32–34]. These amino acids exhibit a
negative charge due to carboxylate ligands, which chelate calcium
ions on the surface of hydroxyapatite. Peptides with glutamic acid and
aspartic acid repeating units exhibited specific hydroxyapatite binding
in vitro [34,35] and in vivo [35].

Direct comparisons between the binding affinity of BPs and glutamic
or aspartic acid have varied in the literature. Peptideswith eight repeat-
ing units of aspartic or glutamic acid exhibited faster and greater bind-
ing to hydroxyapatite compared with pamidronate or alendronate for
up to 1 h in vitro, but a similarly high binding affinity for 2 to 24 h
[36,37]. On the other hand, a peptidewith six repeating units of aspartic
acid did not exhibit greater binding to hydroxyapatite compared with
tiludronate after 5 min incubation in vitro [35]. These studies suggest
that the relative binding affinity of amino acids and BPs is governed by
the number of peptide repeating units, the type of BP, and the incuba-
tion time.

Fundamental differences in the binding affinity of bone-targeting gold
nanoparticles (NPs) have also been demonstrated. Gold nanoparticles

Image of Fig. 3
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(Au NPs) surface functionalized with alendronate exhibited faster and
greater binding to hydroxyapatite in vitro and damaged bone tissue
ex vivo compared with glutamic acid or phosphonic acid [38,39]. The
alendronate-functionalizedAuNPs exhibited a six- or sixteen-fold greater
binding affinity to hydroxyapatite when compared with glutamic or
phosphonic acid-functionalized Au NPs, respectively, despite having
fewer molecules adsorbed to the Au NP surface [38].

The use of amino acids as mineral targeting ligands has potential
advantages and limitations compared with BPs. Unlike BPs, amino
acids can be enzymatically degraded and cleared from the body after
mineral binding [36], which minimizes the potential of cytotoxicity.
However, the in vivo binding of aspartic acid to hydroxyapatite was
lower compared with alendronate due to the high binding affinity of
alendronate described above and possibly also due to rapid clearance
of aspartic acid from circulation due to a highly negative charge [37].
Ligands which promote rapid clearance and excretion are expected to
require a higher dose for effective mineral targeting compared with
BPs, but this has not yet been confirmed by experiments. Although the
remainder of this reviewwill focus exclusively on the use of BPs, contin-
ued work to develop other mineral-targeting ligands is important for
the future of mineral-targeting pharmaceuticals and imaging probes.
3.4. Common methods used to measure binding affinity

3.4.1. Langmuir adsorption isotherms
BP binding to mineral in vitro is most commonly modeled using

Langmuir equilibrium adsorption isotherms as,

V ¼ Vmax � K � c
1þ K � c

where V is the amount adsorbed (mol m−2), Vmax is the adsorption
maximum (molm−2), c is themolar equilibrium solution concentration
(mol L−1), and K is the equilibrium affinity constant (L mol−1) [27,40,
41]. The adsorption maximum (Vmax) and equilibrium affinity constant
(K) are commonly calculated using linear regression after a double
reciprocal transformation of the data [40]; however, nonlinear least
squares regression provides a more powerful and direct method for
determining these parameters from the data [38,40,42]. Langmuir
adsorption isotherms enable quantitative comparison of the binding
affinity between BPs and/or BP conjugates, where the binding affinity
of a BP molecule may change after conjugation to a payload.

Studies which report only the percent of the initial BP concentration
that binds to the mineral substrate for a given experiment only provide
one data point within the overall binding equilibrium between BP and
the mineral, and thus an incomplete picture. Moreover, the initial con-
centrations of the BP (or BP conjugate) and mineral substrate must be
the same between experiments in order to compare results using per-
cent binding. Therefore, initial in vitro experiments investigating the
binding affinity of BPs or BP conjugates shouldmeasure the equilibrium
binding constant (K) and adsorption maximum (Vmax) from the Lang-
muir adsorption isotherm to enable comparison with other studies.
Table 1
The relative binding affinity of common BPs measured in vitro by different methods.

Year Study Method Substrate

2006 Nancollas et al. [11] Constant composition crystal growth Hydroxyapa
2006 Leu et al. [57] Radiolabeled Human bon
2008 Henneman et al. [52] Constant composition crystal growth Carbonated
2010 Lawson et al. [58] Liquid chromatography Hydroxyapa
2010 Jahnke et al. [56] NMR Hydroxyapa

Human bon

a ALN = alendronate, CLO = clodronate, ETO = etidronate, IBN = ibandronate, PAM = pam
b Fold difference is based on the difference between the greatest and lowest binding affiniti
3.4.2. In vitro methods
The binding of BPs to hydroxyapatite mineral is commonly evaluat-

ed in vitro by incubating specified concentrations of BPs and hydroxyap-
atite crystals for a specified amount of time and then separating the
unbound BP from the hydroxyapatite crystals with bound BP. The
concentration of unbound BPs is measured using various methods de-
scribed below, and the bound concentration is calculated from this
data and the known initial concentration of BP. The most common
methods for measuring the unbound BP involve labeling the BP or pay-
load with radionuclides, nanoparticles, or aromatic residues. Common
radionuclides include iodine-125 (125I), technetium-99 (99mTc), and
terbium-160 (160Tb), which are detected using a gamma-counter and
calibrated to known BP or payload concentrations [41,43–50]. BPs
have been conjugated to gold nanoparticles allowing the initial and un-
bound concentration of gold to be measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES) [38,39,42] or ultra-
violet (UV) absorbance [51]. Aromatic residues, which exhibit UV absor-
bance, were linked to peptides conjugated to BPs and the absorbance
was correlated to the peptide concentration [36]. Note, that all the
methods described above allow for the use of Langmuir models, but
many of these studies only measured the percent binding of the BP
conjugate for a single set of experimental conditions.

The crystal growth inhibition assay is another common in vitro
method used to evaluate the binding affinity of BPs to hydroxyapatite
mineral [11,52,53]. Briefly, hydroxyapatite crystals are formed in an en-
vironment with constant thermodynamic driving force (pH 7.4, 37 °C)
[54] and a volume of titrant, which has a specific concentration of BP,
is added to maintain this environment. The volume of titrant is mea-
sured as a function of time to calculate the crystal growth rate. This
growth rate is related to the Langmuir equilibrium adsorption isotherm
as,

Ro

Ro −Ri
¼ 1þ 1

KC

where Ro and Ri are growth rates (mol m−2 min−1) in the absence and
presence of BP, respectively, C is the molar concentration of BP in solu-
tion (mol L−1), and K is the adsorption affinity constant (L mol−1) [11].

Nuclearmagnetic resonance spectroscopy (NMR) has also been used
to measure the binding affinity of BPs to hydroxyapatite [55,56]. Solid-
state NMR allowed for direct investigations of the molecular structure
and binding energy of different BPs bound to hydroxyapatite [55],
while liquid-state NMR was used to measure the concentration of un-
bound BPs, after incubating with hydroxyapatite, based on calibrations
of the peak intensity [56]. Both solid-state and liquid-state NMR mea-
surements allow for the use of Langmuir models.

The relative binding affinity of clinically available BPs has exhibited
differences in rank order when using different in vitro measurement
methods (Table 1). Although the differences are relatively small, it is
important to recognize that different in vitro measurement methods
can result in variations inmeasured binding affinities. Therefore, the re-
ported binding affinity of a BP measured using one method should not
be directly compared to that of a BP or BP conjugate measured a
Rank ordera Fold differenceb

tite ZOL N ALN N IBN N RIS N ETO N CLO 1.6
e powder ALN N ZOL ≈ PAM ≈ RIS N ETO N IBN N TLN N CLO 1.9
apatite ZOL N ALN N RIS 1.17
tite ZOL N RIS 1.4
tite PAM N ALN N ZOL N RIS N IBN 2.1
e powder 1.95

idronate, RIS = risdronate, TLN = tiludronate, ZOL = zoledronate.
es.
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different method. Investigations of new BP molecules or conjugates re-
quire thorough characterization of the binding affinity.

The binding affinity of BPs to hydroxyapatite is also dependent on
the in vitro environment, including the pH, ionic strength, and phos-
phate concentration [11]. Therefore, these factors should be noted in ex-
perimentalmethods. Additionally, the binding affinitymeasured in vitro
should not be assumed to reflect the in vivo binding affinity, as the pres-
ence of serum proteins on the surface of mineral will reduce the overall
binding in vivo. For example, media containing serum proteins dramat-
ically reduced binding affinity of BP conjugates to hydroxyapatite
in vitro [38,45], but may best mimic the in vivo interaction of BP and
mineral surfaces [43].
3.4.3. In vivo methods
The delivery and binding of BPs in vivo are also commonly moni-

tored using radiolabeled-BP conjugates, such as 125I- or 99mTc-labeled
BPs or BP complexes. Radiolabeled BP conjugates are delivered intra-
venously and animals are euthanized after a specified time to mea-
sure the concentration of radionuclide in explanted tissues [43,44,
46,49,59–62]. The biodistribution of BPs has been commonly mea-
sured in bones, such as femora and tibiae, and organs, such as the
kidneys, liver, spleen, heart, intestines, and brain. The concentration
of BPs in the blood is measured as the bone-to-blood ratio to exam-
ine the clearance of BPs from the blood and the binding of BPs to
bone. Radionuclide-labeled BPs can also be used to monitor BP bind-
ing and biodistribution longitudinally in vivo, avoiding the need to
euthanize animals at each study time point [47]. However, as will
be discussed below, the short-half life of radionuclides prevents
tracking BPs in vivo over time periods exceeding 24 h. Therefore,
BPs were recently conjugated to fluorophores in order to monitor
the biodistribution, binding, and retention of BPs in vivo for up to
7 days after administration [63].

The ability to track BPs in vivoprovides investigatorswith a powerful
tool to investigate the targeted delivery and biodistribution of BP
conjugates. The uptake and distribution of BPs in the skeleton is
influenced by the delivery route and sites of active bone remodeling.
Oral administration results in only ~0.7% of the total dose reaching
the skeleton, while ~65% of the total dose reaches the skeleton after in-
travenous administration [64,65]. BP uptake is greater in trabecular
bone compared with cortical bone due to greater blood flow, surface
area, and bone turnover in trabecular bone [64]. BPs also accumulate
in active sites of bone resorption more than bone formation due to a
larger area of exposed hydroxyapatite crystals available for BP binding.
Importantly, the uptake and biodistribution of BPs may be altered by
the addition of a payload. Therefore, evaluations of BP conjugates re-
quire the ability to track BP conjugates in vivo over extended time pe-
riods after delivery.
Table 2
Pharmaceutical drugs conjugated to BPs to treat metabolic bone diseases.

Druga Summary of results

17β-estradiol Bone loss was inhibited in rat models of osteopor

PGE2 Bone formation was stimulated in vivo at a 30-fo
Cortical bone osteopenia was not able to be recov

Agonist against EP4 receptor ~6–9% of the initial dose was taken up by long bo
released with a half-life up to 2 weeks.
The therapeutic efficacy has not been examined.

PTH In vitro binding to hydroxyapatite was greater th
Bioactivity was greater than free PTH during in v

Calcitonin A high binding affinity was measured both in vitr
Therapeutic efficacy was greater than free calcito

OPG A two- and four-fold greater uptake was enabled
respectively, compared with free OPG.

a EP4 = prostaglandin E receptor 4, OPG = osteoprotegerin, PGE2 = prostaglandin E2, PTH
4. Applications of bisphosphonates as a targeting ligand

4.1. Therapeutic drug delivery

4.1.1. Metabolic bone disease
Osteoporosis and other metabolic bone diseases are commonly

treated with BPs [16,66] due to the high binding affinity of BPs to
bone and their ability to inhibit bone resorption by promoting osteoclast
apoptosis [18]. A number of recent reviews have thoroughly summa-
rized the current state of knowledge of BPs used clinically (Fig. 2) as
therapeutics for metabolic bone diseases [67–69]. Therefore, this infor-
mation will not be covered here, although it is important to note that
there has been mounting concern over limitations and potential nega-
tive side effects associated with long-term use of BPs [17], which has
led to intense investigation of other potential drugs and targets to
treat metabolic bone diseases. We will instead focus on BP conjugates
investigated as therapeutics for metabolic bone diseases.

Molecular complexes have been formed by conjugating BPs to either
catabolic (inhibitors of bone resorption) or anabolic (inducers of bone
formation) drugs (Table 2). BPs were conjugated to many of these
agents to enable targeted delivery of drugs that would otherwise have
no affinity to bone. Thus, the functional role of the BP molecule in
these complexes is exclusively for targeted delivery and not pharmaco-
logical activity, although clinical translationwill require investigation of
the latter given the known activity of BPs.

Estrogen replacement therapy has been considered an option to
treat postmenopausal osteoporosis as estrogen depletion is known to
decrease bone mass [70]. However, systemic delivery of estrogen has
limited efficacy as estrogen receptors are present in many tissues be-
sides bone tissue and increased levels of estrogen in postmenopausal
women have been associated with an increased risk of certain cancers,
such as breast or uterine cancer [70]. Therefore, various schemes have
been investigated to conjugate BP to 17β-estradiol as means to increase
the dose of estrogen delivered to bone tissue, while decreasing estrogen
accumulation in other soft tissues [71–76]. The in vivo efficacy of these
complexes has varied from no added benefit of the bone-targeting li-
gand [71] to a selective increase in bone mineral density compared
with weight change of the uterus, indicating that the BP ligand enabled
targeted delivery of 17β-estradiol [72,73]. The reason for the difference
in the efficacy between these studies may be due to a difference in the
dose of 17β-estradiol delivered, with the higher dose stimulating an
increase in bone mass and demonstrating benefit of the BP targeting
ligand [72,73].

BPs have also been conjugated to other anabolic agents such as pros-
taglandin E2 [77], agonists against the EP4 receptor for prostaglandin E2
[78], and parathyroid hormone (PTH) [79]. Prostaglandin E2 is an
enzymatically-derived metabolite of polyunsaturated fatty acids,
which can stimulate bone formation leading to increased bone mass
Reference(s)

osis. Bauss et al. [71] Fujisaki et al. [72,73]
Page et al. [74,75] Morioko et al. [75]

ld lower dose than free PGE2.
ered in rats.

Gil et al. [77]

nes in rats and the drug was Arns et al. [78]

an free PTH.
itro cell culture.

Yewle et al. [79]

o and in vivo.
nin in an osteoporotic rat model.

Bhandari et al. [81,84] Yang et al. [47]

in normal and osteoarthritic bone, Doschak et al. [48]

= parathyroid hormone.
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[80], but undesired side effects after systemic delivery of prostaglandin
E2 has limited use as a therapeutic. Therefore, alendronate was
conjugated to prostaglandin E2 for targeted delivery to mineral which
was verified in vitro and in vivo [77]. Unfortunately, neither the
alendronate-conjugated prostaglandin E2 nor free drug were able to
overcome the bone mass loss in a rat model of osteoporosis, possibly
due to instability of the prostaglandin E2 molecule [77]. Therefore,
alendronate ligands were conjugated to an agonist against the EP4 re-
ceptor for prostaglandin E2 in an attempt to improve in vitro stability
and therapeutic efficacy compared with BP-conjugated prostaglandin
E2 complexes [78]. This complex enabled targeted delivery in vivo, but
the biological efficacy has not yet been evaluated. PTH is another prom-
ising anabolic agent to treat osteoporosis that is limited by a broad
biodistribution and inefficient targeting after systemic delivery. PTH
was conjugated with BP ligands via a hydrazine linkage, resulting in
targeted delivery to bone in vitrowhile retaining the biological activity
of PTH [79].

Antiresorptive agents, including calcitonin [47,81] and osteoproteg-
erin [48], have been investigated as alternatives to BPs for the treatment
of osteoporosis. Calcitonin is used in the treatment of Paget's disease,
bone metastases, and osteoporosis [82], which inhibits osteoclast-
mediated bone resorption [83]. However, free calcitonin has a very
short half-life and is rapidly cleared from the body, reducing the dose
that reaches the bone. Furthermore, calcitonin receptor is expressed
by non-skeletal cell types in addition to osteoclasts, which also reduces
the dose delivered to the bone. Therefore, calcitonin was conjugated
with BP for targeted delivery to bone [47,81]. BP-conjugated calcitonin
exhibited high binding affinity to hydroxyapatite mineral in vitro and
bone in vivo comparedwith free calcitonin [47,81,84], and the biological
cellular activity of calcitonin was maintained after BP conjugation [81,
84]. BP-conjugated calcitonin also preserved the bone volume and
bone mineral density more than non-targeted calcitonin in a rat
model of osteoporosis [84]. Osteoprotegerin is a factor that disrupts
the RANK–RANKL signaling pathway, leading to decreased osteoclasto-
genesis [48]. BP-conjugated osteoprotegerin exhibited greater hydroxy-
apatite binding in vitro and bone binding in vivo compared with free
osteoprotegerin [48]. However, the biological activity and therapeutic
efficacy of BP-conjugated osteoprotegerin has not yet been evaluated.

The concept of conjugating BPs to proteins that promote bone for-
mation and healing was introduced by Uludag and coworkers in 2000
[45] and has continued into the present with a significant body of
work reviewed elsewhere [59,85,86]. Protein-based therapeutics are
promising options to treat bone diseases by directlymodulating cellular
signalingmechanisms [85]. However, most proteins do not exhibit spe-
cific binding to hydroxyapatite but have ubiquitous targets throughout
the body. Therefore, BP molecules could be conjugated to proteins
to improve bone-targeting, reduce the required dose, and reduce
extraosseous accumulation of the proteins. BPs have been conjugated
Table 3
Antitumor agents conjugated to BP for the treatment of bone cancers.

Drug Summary of results

Cisplatin Anti-tumor activity was greater than the non-targeted dru
Taxanes A high binding affinity was exhibited to hydroxyapatite in

Anti-tumor activity was greater than the non-targeted dru

Camptothecin A high binding affinity to hydroxyapatite was exhibited in
Gemcitabine A high binding affinity was exhibited to hydroxyapatite in

Anti-tumor activity was greater than the free drug and con
Doxorubicin A high binding affinity to hydroxyapatite was exhibited in
Methotrexate A high binding affinity to bone was exhibited in vivo.
Proteasome inhibitors Binding to hydroxyapatite was greater than the non-target

Anti-tumor activity was greater than the non-targeted dru
increased overall survival of mice.

Arabinocytidine The incidence of bone metastases and overall tumor burde
with no drug or zoledronate at the same dose.

TNP-470 Anti-tumor activity was greater and cytotoxicity lower tha
to many model proteins, such as bovine serum albumin, lysozyme,
and IgG, and exhibited increased bone uptake compared with free pro-
tein in vivo [45,61]. Therefore, these studies suggest that BPs can be used
as a targeting ligand to deliver proteins to bone tissue.

4.1.2. Bone cancer and metastases
The skeleton is a common site for cancer metastasis [87,88]. Tumors

in the skeleton alter the normal homeostasis of bone by disrupting the
bone remodeling cycle which leads to bone pain, fractures, and hypo-
calcemia [89]. Treatment options are typically limited to reducing
bone pain via palliative radiation therapy, analgesics, or BPs [89]. Radio-
therapy and chemotherapy agents can be used to treat the tumor, but
are not always successful depending on the tumor type [90]. BPs can
be used to treat and prevent skeletal morbidity or hypercalcemia asso-
ciatedwithmetastases [89,90]. Recent preclinical studies have provided
evidence that BPs may also have an antitumor effect by inducing cancer
cell apoptosis and inhibiting cell invasion [91], suggesting that BPs may
be used to treat the tumor in addition to the surrounding bone.

The need for improved therapeutics is particularly great in bone can-
cers due to the problems associated with surgical resection of skeletal
lesions and the development of chemoresistant tumors. As with many
cancer types, targeted therapies are being investigated as a means to
improve therapeutic outcomes by enabling the delivery of a high con-
centration of an antitumor agent to the tumor site and reducing adverse
side effects associated with systemic delivery of non-targeted drugs
[92]. Therefore, the high binding affinity of BPs for bone is being inves-
tigated as a means to enable targeted delivery of antitumor agents to
metastases (Table 3) to promote the accumulation of BPs in areas of
high bone turnover resulting in greater retention of BP conjugates in
cancerous lesions compared with healthy bone.

One of the first studies demonstrated that cisplatin conjugated with
phosphonates exhibited greater antitumor activity compared with cis-
platin alone in an osteosarcoma model in rats [93], but did not deter-
mine whether the enhanced activity was due to targeted delivery or
the combined antitumor effects of cisplatin and BP. BP–cisplatin conju-
gates were more recently shown to enhance anticancer effects com-
pared with cisplatin alone using an in vitro cell culture model where
delivery does not play a role [94]. Therefore, future studies need tomea-
sure the accumulation of BP–cisplatin conjugates in bone metastases
in vivo and compare the therapeutic efficacy of BP–cisplatin versus cis-
platin alone, BP alone, and co-delivery of cisplatin and BP alone. Other
BP-conjugated chemotherapy agents that have been investigated in-
clude BP conjugated to taxanes [95–97], platinum complexes [98],
camptothecin [99], gemcitabine [49,100–102], doxorubicin [103,104],
methotrexate [105], proteasome inhibitors [106,107], arabinocytidine
[108], and an anti-angiogenic agent, TNP-470, which is a synthetic ana-
log of fumagillin [109]. Overall, BP conjugation has been repeatedly
shown to improve targeted delivery of these agents to bonemetastases.
Reference(s)

g in vivo. Klenner et al. [93]
vitro and bone tumors in vivo.
g and free BPs, in vitro and in vivo.

Miller et al. [95]
Miller et al. [96]
Chaudhari et al. [97]

vitro. Erez et al. [98]
vitro and bone in vivo.
trol groups in vivo.

El Mabhouh et al. [99], 2006
[49] [104] [103]

vitro. Hochdörffer et al. [104]
Hosain et al. [105]

ed drug in vitro and in vivo.
g, in vitro and in vivo, leading to

Agyin et al. [106]
Swami et al. [107]

n was decreased in mice compared Reinholz et al. [108]

n the non-targeted drug or alendronate in vivo. Segal et al. [109]
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In some cases, targeted delivery reduced systemic toxicity compared
with the free drug and/or free BP [96,104,109].

4.1.3. Other bone diseases
Inflammatory bonediseases include osteomyelitis,which is an infec-

tion in the bone that causes an inflammatory response and bone necro-
sis [110], and rheumatoid arthritis, which is an autoimmune disorder
that can eventually lead to bone erosion [111]. Both of these diseases
must be treated with large doses of pharmaceuticals in order to deliver
a sufficient amount to the bone [112]. Targeted delivery of antibiotics or
anti-inflammatory agents could help to reduce the overall dose.

Antibacterial agents conjugated with BPs exhibited 13-fold greater
binding to bone powder compared with the free agents and were able
to inhibit bacterial growth in an in vitro model of osteomyelitis even
after the BP-antibacterial conjugate was first bound to the bone
ex vivo [113]. More recently, prodrugs have been developed to release
the antibacterial agent from the BP conjugate in order to improve the bi-
ological activity of the drug [112,114]. These BP-antibacterial agent
prodrugs exhibited high binding affinity and activity both in vitro and
in vivo [114].

Diclofenac is an anti-inflammatory drug used to treat rheumatoid ar-
thritis,which can lead to negative gastrointestinal side effects [115]. BP–
diclofenac conjugates have been developed as a bone-targeted drug to
treat inflammatory bone diseases [116,117]. BP–diclofenac conjugates
exhibited greater bone accumulation in vivo compared with free
diclofenac [116] and improved therapeutic efficacy, as measured by a
reduction in the mean effective dose that was necessary to reduce
swelling in a rat model of arthritis and a reduction in side effects com-
pared with the free drug [116]. However, it is important to note that
the accumulation of BP–diclofenac in the liver was dose-dependent; a
10-fold increase in administered dose resulted in decreased bone accu-
mulation but increased liver accumulation [116,117]. Therefore, dose
escalation studies will be important to determine the most appropriate
dose for therapeutic efficacy.

Legg–Calvé–Perthes disease results in osteonecrosis of the hip joint
in children due to a temporary block in the blood supply [118].
BP-functionalized gold nanoparticles were proposed as a drug
delivery system to treat osteonecrosis [119]. Osteoclastogenesis
and osteoclast function was decreased in vitro after incubation with
BP-functionalized gold nanoparticles, but not citrate-coated gold nano-
particles [119]. Interestingly, the ability of BP-functionalized gold nano-
particles to induce osteoclast apoptosis in vitro demonstrated that the
cellular activity of BP was not hindered after conjugation to a payload.
However, the delivery of BP-functionalized gold nanoparticles to areas
of osteonecrosis in vivomay be challenging due to a lack of blood supply
and must be evaluated.

4.1.4. Engineered drug delivery platforms
Synthetic polymers and nanoparticles have been conjugated to BPs

and investigated as drug delivery platforms for a variety of applications.
Synthetic polymers such as poly(ethylene glycol) (PEG) [37,51,120],
poly(ethylenimine) [121], poly(L-lysine) [121], N-(2-hydroxypropyl)
methacrylamide (HPMA) [37,58], and poly(y-benzyl-L-glutamate)
(PBLG) [122] have been conjugated to BP as versatile bone-targeting
drug carriers and have universally exhibited high binding affinity to hy-
droxyapatite. Water-soluble polymers [123] are attractive drug carriers
due to biocompatibility, biodegradation in vivo, and an ability to in-
crease the water solubility of many hydrophobic drugs. Additionally,
polymers can be used to increase the size of small molecule drugs and
thereby limit the biodistribution [62], which might increase the dose
that can be delivered to challenging targets like bone.

BP-functionalized nanoparticles have been developed as carriers to
deliver drugs to bone. The goal of using nanoparticles for drug delivery
is to enable (1) specific drug targeting and delivery, (2) reduced off-
target side effects, and (3) increased therapeutic efficacy through higher
delivered doses [124]. Nanoparticles can also enable the drug to be
encapsulated, instead of conjugated to the nanoparticle surface, which
may be advantageous if chemical conjugation affects the drug activi-
ty [60]. The majority of BP-functionalized nanoparticle drug delivery
systems have consisted of liposomes [125–128] or polymeric nanopar-
ticles [107,129–132], as these are readily loadedwith a variety of differ-
ent drugs and surface functionalized with BP molecules. Calcium
phosphonate nanoparticles were also conjugatedwith BP and proposed
as a highly biocompatible bone-targeted drug delivery system [133].
BP-functionalized nanoparticles have almost universally exhibited
high binding affinity to hydroxyapatite in vitro regardless of the payload
(e.g., liposome versus polymer) [107,125–129,132,133], although there
have been no direct comparisons between different systems.
4.2. Imaging

Bone-targeting nuclear imaging agents were among the first appli-
cations of BPs with the introduction of 99mTc and BP conjugates in the
1970s [134]. Bone scintigraphy has become a common nuclear imaging
techniquewithmore than 3million bone scans performed in the United
States in 2005 [135]. 99mTc–BP conjugates are delivered intravascularly
and target exposed hydroxyapatite mineral such that uptake is imaged
to detect areas of high bone turnover, such as Paget's disease lesions and
bone cancers or metastases.

The chemical structure of clinically available 99mTc–BP conjugates,
such as 99mTc-methylene diphosphonate (99mTc-MDP) and 99mTc-
hydroxymethylene disphosphonate (99mTc-HMDP), are not ideal for
the intended application of targeting and labeling areas of high bone
turnover for non-invasive imaging [136]. A lack of chemical stability
in vivo reduces specificity due to lower bone uptake and higher soft tis-
sue uptake of 99mTc [136]. Furthermore, slow blood clearance or bone
uptake requires long time intervals between administration and imag-
ing (~3–4 h) [136]. The chemical structure of 99mTc–BP conjugates are
notwell-defined, but are thought to bemixtures ofmonomers and poly-
mer species which have different properties leading to low overall effi-
cacy and consequently requiring the administration of high doses [136].
Furthermore, the BP acts as both the radionuclide chelator and bone-
targeting ligand [137] (Fig. 4a). This dual function of the BP molecule
lowers the overall binding affinity of 99mTc–BP conjugates due to only
one of the phosphonate groups being free for binding to hydroxyapatite
surfaces [138].

The limitations of 99mTc–BP conjugates have motivated research
aimed at improving radionuclide–BP conjugates for bone scintigraphy,
as well as research for new targeted imaging agents for other imaging
modalities, such as near-infrared (NIR) fluorescence imaging, positron
emission tomography (PET), magnetic resonance imaging (MRI), and
X-ray imaging with computed tomography (CT). New imaging agents
are developed for the goal of improved clinical diagnostic imaging of
bone metabolism, bone metastases, or pathological calcifications.
Additionally, new imaging agents that are designed to track BP in vivo
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Fig. 5. Examples of in vivo bone-targeted fluorescence imaging using BP conjugates. (a) A
fluorescently-tagged BP was delivered to mice in vivo and the accumulation of BP at the
tibia was monitored using fluorescent molecular tomography. Reprinted with permission
from Tower et al. 2014 [149]. (b) Risedronate and two lower binding affinity analogswere
conjugated to fluorescentmolecules and co-administered to growing rats in vivo to inves-
tigate differences in the biodistribution, binding, and retention of BPs with different affin-
ity within bone. In sites with active formation (arrows), the lower affinity BP (blue) was
foundburied underneath newly formed bone,while thehigher affinity BP (red)was closer
to the newly formed surface. In quiescent sites (arrowheads), there was no difference in
penetration depth. Reprinted with permission from Roelofs et al. 2012 [63].
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can facilitate improved understanding of BP binding, biodistribution,
and pharmacokinetics in preclinical drug development.

4.2.1. Novel bone scintigraphy agents
A number of studies have investigated the use of bifunctional chela-

tor ligands to separate the BP from the radionuclide (Fig. 4b), allowing
the BP to function exclusively for bone-targeting [23,138–144]. The
availability of both phosphonate groups for bone-targeting results in in-
creased binding affinity, increased kinetics for bone uptake, decreased
soft tissue uptake, and reduced time required between administration
and imaging [138]. Examples of bifunctional chelator ligands include
6-hydrazinopyridine-3-carboxylic acid (HYNIC) [138,142], pyrazolyl-
containing backbones [139,140], and diethylene triamine pentaacetic
acid (DTPA) [144], among others [23,141,143]. 99mTc–bifunctional-BP
complexes exhibited increased in vitro binding affinity and faster bind-
ing kinetics to hydroxyapatite crystals compared with 99mTc-MDP
[23,138]. A few 99mTc–bifunctional-BP complexes have enabled higher
bone uptake in vivo comparedwith 99mTc-MDP [138,142,143], although
others have exhibited similar bone uptake at the time points investigat-
ed [23,140]. Therefore, the greatest benefit of the bifunctional ligands
has thus far been a greater bone-to-blood ratio of the 99mTc–bifunction-
al-BP complexes [138,140,142,143], which should reduce the timedelay
between contrast agent administration and imaging.

4.2.2. Targeted fluorescence imaging
Fluorescently-labeled BPs have been investigated for monitoring

bone metabolism and for tracking the biodistribution of BPs in vivo.
The first NIR fluorescent BP conjugate was developed by Frangioni and
coworkers in 2001 by conjugating pamidronate to the NIR fluorophore,
IRDye78 [25]. The conjugate enabled in vivo fluorescence imaging of
osteoblast activity inmicewith greater sensitivity and spatial resolution
compared with bone scintigraphy using 99mTc-MDP, suggesting that
NIR-BP conjugates could be used for non-invasive imaging of bone
activity. This conjugate also enabled in vivo fluorescence imaging of
vascular calcifications [145] and breast microcalcifications [26,146], in-
cluding dual-mode NIR/SPECT imaging of breast microcalcifications
when combined with 99mTc-MDP [28].

NIR-BP imaging probes using pamidronate recently became com-
mercially available (OsteoSense™, Perkin Elmer) and have been used
in a wide range of preclinical animal models investigating, for example,
noninvasive, longitudinal imaging of bone metabolism [147–150]
(Fig. 5a), site-specific BP deposition and retention [148], bone regener-
ation in novel tissue engineering applications [151], and the formation
of pathological calcifications such as kidney stones [152], vascular calci-
fications [153] (Fig. 6a), and breast microcalcifications [154]. Additional
novel NIR probes conjugated to BPs other than pamidronate have also
been developed, including alendronate [155] and risedronate [156].
NIR imagingwas therefore also used to compare differences in the bind-
ing affinity and biodistribution of different BPs in vivo [63] (Fig. 5b).

Bone-targeting fluorescent imaging probes have become powerful
tools in preclinical animal models to monitor bone metabolism or
track BP in vivo as longitudinal imaging can be conducted over weeks.
This is a direct advantage over 99mTc-BP agents and nuclear imaging
as 99mTc has a biological half-life of only one day which prevents study-
ing the retention of BPs in vivo [148]. Additionally, the high sensitivity of
optical imaging techniques enables detection of very small pathological
calcifications, which could provide a means to study the initial forma-
tion of these mineral deposits in vivo. However, fluorescence imaging
of bones in humans is limited by the overall depth penetration.
Frangioni and coworkers calculated an exponential decay constant of
k =−0.43 mm−1 from their experiments using IRDye78 in vivo, dem-
onstrating that the NIR signal intensity decreased by 50% at 2.5 mm
from the skin surface [25]. Therefore, despite their utility in preclinical
studies, bone-targeted fluorescent probes are not likely to replace the
current bone scintigraphy agents, such as 99mTc-MDP, for clinical imag-
ing in humans.
4.2.3. Targeted PET, MRI, X-ray imaging
Although clinical use of targeted BP imaging agents has been domi-

nated by bone scintigraphy, there have been recent efforts to develop
BP-functionalized contrast agents for other imaging modalities, includ-
ing positron emission tomography (PET), magnetic resonance imaging
(MRI), and X-ray imaging with computed tomography (CT). Bone or
mineral targeted imaging agents for PET, MRI, and CT could provide a
translational pathway for improved clinical diagnostic imaging of
skeletal abnormalities, such as tumors or pathological calcifications.
Na18F-fluoride PET is already used clinically for imaging bone metasta-
ses and is considered superior to 99mTc-MDP scintigraphy due to a
demonstrated increase in sensitivity and specificity [157]. Additionally,
PET imaging can be conducted 30–90 min after contrast agent adminis-
tration compared with 3–6 h for bone scintigraphy [157]. However,
Medicare and Medicaid will not currently reimburse providers for PET
imaging of benign diseases [135], inhibiting widespread use. MRI en-
ables high spatial resolution and detection sensitivity without radiation
exposure to the patient [158]. AlthoughMRI produces strong soft tissue
contrast, contrast agents are needed to image mineralized tissues or
deposits [159]. CT provides anatomic imaging with high spatial and
temporal resolution [158], especially for bone. CT also offers relatively
wide availability and lower cost compared with MRI and PET, and
lower radiation exposure than SPECT or PET, which utilize radioisotopes
and require combined CT for anatomic imaging. However, CT has a rel-
atively low sensitivity compared to SPECT, PET, or MRI, and low soft tis-
sue contrast compared with MRI [160].

Image of Fig. 5
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Fig. 6. BP-conjugated imaging probes have been developed for targeting bone and patho-
logical calcifications in awide array of imagingmodalities, including nuclear (SPECT, PET),
optical (NIR fluorescence), MRI, and X-ray (CT) imaging. (a) Atherosclerotic vascular cal-
cifications have been targeted and imaged in rodents in vivowith probes comprising BPs
conjugated to NIR [153] or SPECT [174] contrast agents. (b) Breast microcalcifications
associated with cancer were also targeted and imaged in vivo using probes comprising
BPs conjugated to NIR, SPECT, and X-ray/CT contrast agents. The NIR and SPECT images
were adapted with permission from Bhushan et al. 2008, J Am Chem Soc,
130:17648–17649 [28]. Copyright 2008 American Chemical Society. X-ray image adapted
with permission from Cole et al. 2014, ACS Nano, 8:7486–7496 [169]. Copyright 2014
American Chemical Society.
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PET andMRI agents rely on the conjugation of BPmolecules to a che-
lator, such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) or 1,4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA),
which complex with positron-emitting radionuclides for PET imaging
or lanthanide metals for MRI imaging [136]. A BP-DOTA conjugate, (4-
{[(bisphosphonomethyl)carbamoyl]methyl}-7,10-bis(carboxymethyl)-
1,4,7,10-tetraazacyclododec-1-yl)acetic acid (BPAMD), was first intro-
duced in 2005 as a bone targeting chelator for gadolinium (Gd) to create
Gd(III)-BPAMD complexes for T1 MRI imaging [161]. Gd(III)-BPAMD
binding to hydroxyapatite in vitro led to a significant increase inMRI rel-
ativity demonstrating the potential of this contrast agent to enable MRI
imaging of bonemineral [161]. Novel PET agents have been synthesized
by labeling BPAMD with positron-emitting gallium-68 ([68Ga]BPAMD)
[162–164]. The first human clinical study demonstrated greater uptake
and improved detection of bone metastases with [68Ga]BPAMD com-
pared with the current clinically available PET agent, 18F-fluoride
[162]. In general, BP-DOTA conjugates have exhibited high binding af-
finity in vitro [50,161,163,165–167] and in vivo [162–167]. BP-DOTA
conjugates also exhibited greater binding affinity than 99mTc-MDP
[164,165], indicating their utility for bone-specific imaging using PET
or MRI, comparable to bone scintigraphy.

Recently, other BP–DOTA conjugates have been synthesized for PET
and MRI to improve the in vivo binding affinity and blood clearance by
altering the structure or increasing the length of the spacer between
the BP and DOTA or NOTA [41,165,167]. The replacement of an amine
group at the link betweenDOTA and BPwith a negatively charged phos-
phonic acid group resulted in greater binding affinity in vitro [41] and
in vivo [167] comparedwith BPAMD, and similar bone uptake compared
to 99mTc-MDP and 18F-fluoride [164]. [68Ga]NOTA–BP agents exhibited
high binding affinity to hydroxyapatite in vitro and bone in vivo, as
well as a greater bone-to-blood ratio compared with 99mTc-MDP and
18F-fluoride [165]. Therefore, these new BP–DOTA conjugates with
greater separation between DOTA and BP are promising for PET and
MRI imaging of bone or mineral pathologies [136]. However, the higher
cost of PET or MRI compared with bone scintigraphy may inhibit wide-
spread clinical use of these technologies for bone imaging.

X-ray contrast agents based on BP-functionalized gold nanoparticles
(BP-Au NPs) were investigated as potential imaging agents for
microdamage in bone tissue [38,39,42] and pathological calcifications,
specifically breastmicrocalcifications [168,169], based on the high bind-
ing affinity of BP-Au NPs to hydroxyapatite [38]. Au NPs were surface
functionalized with alendronate through adsorption of the amine side
group to the Au NP surface opposite the two phosphonate groups for
binding to hydroxyapatite [38]. BP-Au NPs targeted microcalcifications
due to specific binding to hydroxyapatite and enabled improved sensi-
tivity and specificity via contrast-enhanced detection of model breast
microcalcifications within the surrounding mammary tissue [168,169],
including radiographically dense mammary tissues [170].

Themajor challenge for the use of targeted contrast agents to image
bone or pathological mineral deposits with CT is the need to deliver a
sufficient mass concentration for contrast enhancement [171]. For ex-
ample, the theoretical minimum detectable mass concentration of
gold in bone is ~0.34 wt% or ~3.4 mg Au/g bone tissue [171,172].
Thus, CT has a relatively low sensitivity and requires higher concentra-
tions of contrast agents compared with MRI, which can detect millimo-
lar concentrations, or nuclear imaging (SPECT, PET), which can detect
micromolar concentrations [173].

In summary, BP-conjugated imaging agents have been developed for
nuclear (SPECT, PET), optical (NIR), MRI, and X-ray (CT) imaging.
Depending on the intended target, BPs can be conjugated to an imaging
probe for any of the different modalities (Fig. 6). For example, athero-
sclerotic vascular calcifications have been targeted and imaged in vivo
using BP-conjugated NIR [153] or SPECT [174] contrast agents
(Fig. 6a), while breast microcalcifications associated with cancer were
also targeted and imaged in vivo using BP-conjugated NIR [29], SPECT
[29], and X-ray/CT [169,170] contrast agent (Fig. 6b). A logical next
step will be to combine or design BP-conjugated imaging probes for
dual- or tri-modal imaging. For example, Bhushan et al. developed a
novel NIR/SPECT probe for imaging breast microcalcifications [29],
which could be used to target and image bone metastases as well as
to asses the utility of NIR imaging in vivo.

4.3. Radiotherapy

Targeted radiotherapy to the skeleton is currently used clinically to
treat pain caused by bonemetastases [136]. In particular, internal radio-
therapyuses close-rangeα-,β-, andγ-emitting radionuclides,which are
targeted to the skeleton and selectively taken up by bone metastases to
deliver a high local dose of radiation. Samarium-153-ethylene diamine
tetramethylene phosphonate (153Sm-EDTMP) has proven clinically ef-
fective in reducing the pain associated with bone metastases [175].
The phosphonic acid group (EDTMP) is complexed to Sm and facilitates
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binding of the radionuclide to bone. However, this complex is very un-
stable in vivo and thus requires co-administration of free EDTMP [176].
Rhenium-188 (188Re) is a radionuclide, similar in chemistry to 99mTc,
which has been complexed with HEDP (188Re-HEDP) as a targeted ra-
dionuclide [177], similar to 99mTc-HEDP agents. Clinical trials have indi-
cated that 188Re-HEDP may be effective as a β-emitting radiotherapy
agent for bonemetastases [177]. However, similar to the disadvantages
of 99mTc-HEDP discussed above, 188Re-HEDP degrades quickly in vivo
inhibiting retention of the radionuclide at the lesion [136].

New BP-radionuclide conjugates are being investigated to improve
chemical stability and binding affinity for delivery of a high local dose
to bone metastases. Bifunctional ligands are being investigated to sepa-
rate the BPmolecule from the radionuclide chelating groups, using par-
allel strategies discussed above for 99mTc-BP conjugates. Isolating the BP
molecule from the radionuclide enables both phosphonate groups to
bind tomineral surfaces. This strategy resulted in increased in vivo bind-
ing and accumulation in areas of high bone turnover compared with
188Re-HEDP agents in mice [176,178,179]. Many other radionuclides,
including 211At [180,181], 160Tb [50], and 125I or 131I [180,182] have
been conjugated with BPs and investigated in preliminary studies for
targeted radiotherapy using different emitters.

5. Design considerations for future investigations

The use of BPs as a targeting ligand for the delivery of therapeutic
drugs or imaging probes requires the design of novel molecular conju-
gates (Fig. 1). The functional requirements of these conjugates are to
target and bind to mineral with high affinity, while not altering the
function of the therapeutic agent or imaging probe that is being
delivered. These functional requirements can be met by designing the
molecular structure of the conjugates, but systematic study of
structure-function relationships has been lacking. Therefore, we have
identified several key aspects of molecular structure for the design of
agents utilizing BPs as a targeting ligand, including the tether length
between the BP and payload, the size of the payload, the number of BP
ligands per payload, cleavable tethers between the BP and payload, con-
jugation of BPs to the payload, and comparison between BPs and other
mineral targeting ligands.

5.1. Tether length

The tether length is the length of the molecular linker or spacer be-
tween the BP molecule and payload, but not necessarily the physical
distance between the two, as linkers tend to be flexible molecules. Lon-
ger tether lengths are thought to reduce steric hindrance between the
payload and targeting ligand enabling greater binding affinity, as the
targeting ligand is free to interact with the intended surface. However,
studies have demonstrated that a shorter tether length between BPs
and a protein resulted in greater binding to hydroxyapatite in vitro
[183] and in vivo [184]. This apparent paradoxwas explained in a review
by Zhang et al. [86] by (1) a greater local concentration of BPs per pay-
load as a shorter tether length reduces the spacing between BPs,
(2) non-specific interactions between the protein itself and hydroxyap-
atite, and (3) possible electrostatic or hydrophobic interactions
between the tether and hydroxyapatite. Another group reported no
effect of the tether length for an amine terminated R2 side group on
binding to hydroxyapatite in vitro when no protein was attached [53],
but all the investigated tether lengths exhibited a greater binding affin-
ity compared with unmodified BP suggesting that an increased tether
length promoted interactions of the R2 side group with the hydroxyap-
atite surface (cf., Fig. 3c.). The same group also demonstrated no effect of
tether length on binding to hydroxyapatite in vitro when the protein
was attached [79]. Therefore, the effect of the tether length on the
binding affinity of BP-protein conjugates is not yet clear and must be
determined for new BP-protein conjugates.
The tether length of a polyethylene glycol (PEG) spacer between
polymer nanoparticles and BP has been shown to affect the binding af-
finity to hydroxyapatite in vitro [129]. A PEG spacer with a molecular
weight of 2000Da exhibited lower binding to hydroxyapatite compared
with 550 and 750 Da, which was attributed to folding of the longer
chains inhibiting interaction between the BP and hydroxyapatite
[129]. Interestingly, unpublished data in our lab has indicated BP-PEG-
conjugated gold nanoparticles with a PEG spacer molecular weight of
2000Da resulted in greater binding to hydroxyapatite in vitro compared
with 1000 or 5000 Da. Therefore, the effect of the tether length on the
binding affinity of BP-nanoparticle conjugates is also not yet clear and
must be determined for new BP-nanoparticle conjugates.

5.2. Size of the payload

The size of the payload is well-known to affect the biodistribution
and accumulation of BP conjugates in vivo, especially after intravenous
administration. In order to reach active bone forming units within corti-
cal or trabecular bone after systemic intravenous delivery, BP conju-
gates must extravasate blood vessels through capillary fenestrae,
which are normally up to 60 nm in size [185,186] and up to 150 nm in
size within tumors [187]. Therefore, BP conjugates should be smaller
than this size for targeted delivery to bone or bone metastases [60]. BP
molecules (Fig. 2), BP–radionuclide conjugates, and BP-conjugated
fluorophores are well below this size. The increase in molecular weight
due to a conjugated radionuclide or fluorophore was shown to slightly
alter the biodistribution compared with free BPs, but delivery to bone
was not hindered [65]. However, the delivery of BP-conjugated nano-
particles and macromolecules to bone may be limited by size.

BP-functionalized bovine serum albumin (BSA) nanoparticles, with a
77 nm hydrodynamic diameter, exhibited very little bone-targeting in
rats after intravenous administration [60], suggesting that the nanoparti-
cle size may have hindered delivery to bone. In contrast, BP-
functionalized nanoparticles with a hydrodynamic diameter of 195 nm
[107] and 115 or 170 nm [132] exhibited significant bone accumulation
after intravascular administration. Note, however, that the two latter
studies only reported a relative fluorescence and did not measure the
concentration or percent of the initial dose that was delivered to bone.
Nonetheless, the drug encapsulated within the BP-functionalized nano-
particle did induce changes in bone mass and architecture, suggesting
that the nanoparticles were delivered to the skeleton [107]. Thus, the ef-
fect of BP conjugate size on delivery to bone, especially for nanoparticles
and macromolecules greater than 10 nm in size, is not well understood
but fundamentally important.

Targeted delivery to pathological calcifications may also be limited
by blood supply to the host tissue and the ability of BP conjugates to ex-
travasate vessels. For example, kidney stones must be targeted by
agents smaller than the 5.5 nm glomerular filtration cutoff for passage
through the kidneys [188]. The size of BP conjugates designed to target
breast microcalcifications is currently unknown and may be dependent
on the presence of a tumor with leaky vasculature. Therefore, the deliv-
ery of BP conjugates to pathological calcifications requires different
design constraints compared with delivery to the skeleton. Efficient de-
livery to pathological calcifications may be improved by local adminis-
tration [169] or tailoring the overall size of the BP conjugate to limit
bone perfusion and increase blood circulation [62].

5.3. Number of BP ligands per payload

An increased number of BP ligands per payload has been demon-
strated to promote greater binding affinity to hydroxyapatite in numer-
ous in vitro studies [42,43,45,62,107,125,189], but in vivo studies have
reported varying results [43,62]. The amount of alendronate conjugated
to an HPMA copolymer did not result in differences in skeletal accumu-
lation at any time point after intravascular injection [62]. In contrast, a
dendritic tetra(bisphosphonic acid) molecule conjugated to BSA
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exhibited greater skeletal accumulation compared with a similar com-
plex with fewer BP groups per BSA, but the measured difference in
BPs per BSAwas small suggesting that other factorsmay have contribut-
ed to the differences in skeletal accumulation [43]. Once again, the effect
of the number of BP ligands per payload on binding affinity to hydroxy-
apatite is not well understood and warrants further investigation.
Characterization of ligand density on nanoparticles and macro-
molecules can be challenging but, by way of example, methods have
been developed for measuring the surface density of BPs on gold
nanoparticles [42].

5.4. Cleavable tethers

Cleavable molecular tethers between the BP molecule and payload
are intended to be stable during delivery and then labile after the BP
binds to the mineral to enable local release of the payload [53]. There-
fore, molecular linkages are designed to be cleavable under physiologi-
cal conditions that are specific to the targeted site of interest. Examples
include a pH-triggered linkage that is labile at lowpH, such as in areas of
bone resorption or fracture healing [53], or a disulfide linkage that is
cleavable in the presence of thiols [44,190,191]. Simpler methods in-
clude designing a hydrolyzable molecular linker that degrades slowly
in vivo [99]. However, this method requires that the degradation rate
is carefully controlled to be longer than the circulation time in order
to deliver the agent to the bone before being degraded. The release of
a chemotherapy drug from a BP molecule by hydrolysis of a cleavable
tether exhibited a half-life of 40 h in vitro [99]. Whether or not this
half-life is suitable for in vivo delivery to bone is not known. Overall,
cleavable molecular tethers are a nascent but promising strategy for
the targeted delivery of drugs to bone and pathological calcifications
using BP ligands.

5.5. Conjugation scheme

The methods used to conjugate BP molecules to the payload must
neither alter the activity of the payload nor eliminate the binding affin-
ity of BPs. As described above, bifunctional ligands have been designed
for conjugating BPs to radionuclides to free both phosphonate groups
for bone-targeting [23,136–142]. BP-radionuclide conjugates with
bifunctional ligands exhibited greater binding affinity compared with
traditional designs where the BPmolecule acts as both the metal chela-
tor and bone-targeting group [23,136]. In general, conjugation schemes
that preserve the availability of both phosphonate groups for chelating
calcium ions are necessary for maintaining a high binding affinity to
mineral. Therefore, molecular linkages for conjugation should attach
via the R1 or R2 side chains.

Uludag and colleagues have investigated multiple schemes for con-
jugating BPs to proteins [86] and polymers [121,189] for delivery to
bone paying careful attention to location(s) of BP attachment to the
molecular structure tomaintain bioactivity. First, aminoBPswere conju-
gated to the lysine amino acids in BSA and shown to exhibit greater
binding affinity to hydroxyapatite in vitro and increased bone localiza-
tion in vivo compared with unmodified BSA [45,61]. However, this con-
jugation scheme attached BPs to the protein core, whichwas thought to
negatively impact the protein bioactivity [192], although this was not
investigated as BSA was just a model protein. Therefore, a new scheme
was developed for conjugating BPs to carbohydrate groups, which do
not play a role in the bioactivity of most proteins [192]. The carbohy-
drate conjugation scheme resulted in greater binding affinity to hy-
droxyapatite in vitro compared with the previous scheme using lysine
amino acids [192]. However, both the carbohydrate and lysine conjuga-
tion schemes resulted in no bone binding in vivo while the lysine
scheme with a much shorter linker did result in bone binding [184].

The preceding studies highlight that the conjugation scheme –
including the conjugation chemistry, molecular length, and placement
on the payload – affects the mineral binding affinity and therefore
must be considered. Also, the conjugation scheme that enables the
greatest binding affinity in vitromay not reflect the greatest binding af-
finity in vivo or may compromise bioactivity in vivo. Studies comparing
drug activity for different conjugation schemes would provide insight
into a possible design tradeoff between the binding affinity to mineral
and the bioactivity of the payload. Finally, the role and relative impor-
tance of the R1 and R2 side groups in binding and bioactivity could be
further elucidated by investigating conjugation to either separately,
but to our knowledge there have been no direct comparisons of conju-
gation at the R1 versus R2 side groups.

6. Conclusion and future outlook

The conjugation of BP ligands to pharmaceutical drugs, including im-
aging probes and radiosensitizers, enables targeted delivery to bone and
pathological calcifications. BPs are ideal for targeting bone due to
exhibiting a high binding affinity to hydroxyapatite. One of the first clin-
ical uses of BPs was to deliver an imaging agent (99Tc-MDP) to sites of
high bone turnover and BP molecules subsequently became the most
widely used therapeutic in the treatment of metabolic bone diseases.
No other BP conjugates have been approved for clinical use since 99Tc-
MDP; however, a number of BP conjugates have shown new promise
to address important clinical needs. Bifunctional chelator ligands have
improved the specificity of current 99Tc–BP agents [138,140,142,143],
which may enable lowering the administered dose and improving the
safety to patients. Fluorescent BP conjugate imaging probes have been
commercialized (OsteoSense™, Perkin-Elmer) and are now a widely
used research tool in preclinical investigations of metabolic bone dis-
ease [147–150], bone regeneration [151], and pathological calcifications
[152–154]. BP functionalized gold nanoparticles have enabled targeted
delivery and contrast-enhanced X-ray detection of breast
microcalcifications within murine mammary tissues [169], which may
translate to improving the sensitivity and specificity of mammography
for detecting breast cancer, especially in women with dense breast tis-
sue [170]. The conjugation of BP ligands to chemotherapy agents has en-
abled targeted delivery of a greater dose of pharmaceutical to bone
tissue while reducing detrimental off-target side-effects [96,109],
whichmay improve the efficacy of cancer therapeutics in the treatment
of bone cancer and metastases. The successful clinical translation of
these and other promising new BP conjugates will require several im-
portant directions of scientific inquiry to determine (1) the pharmaco-
logical activity of both the conjugate and BP in appropriate preclinical
models, (2) the minimum required dose, and (3) the most effective de-
livery route (e.g., oral vs. intravenous), among others. This review
attempted to highlight the wide-range of agents that can be conjugated
to BPs for targeted delivery and gaps in our knowledge of fundamental
structure-function relationships. Future efforts should therefore focus
on closing the knowledge gaps and translating BP conjugates as new
pharmaceutical drugs for targeting bone and mineral deposits.
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