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ABSTRACT: Breast cancer patients are at high risk for bone metastasis.
Metastatic bone disease is a major clinical problem that leads to a reduction in
mobility, increased risk of pathologic fracture, severe bone pain, and other
skeletal-related events. The transcription factor Gli2 drives expression of
parathyroid hormone-related protein (PTHrP), which activates osteoclastmediated bone destruction, and previous studies showed that Gli2 genetic
repression in bone-metastatic tumor cells signiﬁcantly reduces tumor-induced
bone destruction. Small molecule inhibitors of Gli2 have been identiﬁed; however,
the lipophilicity and poor pharmacokinetic proﬁle of these compounds have
precluded their success in vivo. In this study, we designed a bone-targeted
nanoparticle (BTNP) comprising an amphiphilic diblock copolymer of poly[(propylene sulﬁde)-block-(alendronate acrylamide-co-N,N-dimethylacrylamide)]
[PPS-b-P(Aln-co-DMA)] to encapsulate and preferentially deliver a small molecule Gli2 inhibitor, GANT58, to boneassociated tumors. The mol % of the bisphosphonate Aln in the hydrophilic polymer block was varied in order to optimize
BTNP targeting to tumor-associated bone by a combination of nonspeciﬁc tumor accumulation (presumably through the
enhanced permeation and retention eﬀect) and active bone binding. Although 100% functionalization with Aln created BTNPs
with strong bone binding, these BTNPs had highly negative zeta-potential, resulting in shorter circulation time, greater liver
uptake, and less distribution to metastatic tumors in bone. However, 10 mol % of Aln in the hydrophilic block generated a
formulation with a favorable balance of systemic pharmacokinetics and bone binding, providing the highest bone/liver
biodistribution ratio among formulations tested. In an intracardiac tumor cell injection model of breast cancer bone
metastasis, treatment with the lead candidate GANT58-BTNP formulation decreased tumor-associated bone lesion area 3-fold
and increased bone volume fraction in the tibiae of the mice 2.5-fold. Aln conferred bone targeting to the GANT58-BTNPs,
which increased GANT58 concentration in the tumor-associated bone relative to untargeted NPs, and also provided beneﬁt
through the direct antiresorptive therapeutic function of Aln. The dual beneﬁt of the Aln in the BTNPs was supported by the
observations that drug-free Aln-containing BTNPs improved bone volume fraction in bone-tumor-bearing mice, while
GANT58-BTNPs created better therapeutic outcomes than both unloaded BTNPs and GANT58-loaded untargeted NPs.
These ﬁndings suggest GANT58-BTNPs have potential to potently inhibit tumor-driven osteoclast activation and resultant
bone destruction in patients with bone-associated tumor metastases.
KEYWORDS: polymer nanoparticles, bone targeting, bone metastasis, tumor delivery, bisphosphonate, pharmacokinetics,
hedgehog pathway

M

etastasis is the major prognostic factor for breast
cancer patient survival. Breast tumors, in particular,
have a propensity to metastasize to bone, with over
70% of patients having bone metastases post mortem.1 Patients
presenting with bone metastases often experience signiﬁcant
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Figure 1. GANT58-BTNP synthesis and characterization validating the BTNP structure. (A) Synthesis of PPS135-b-P(Aln-co-DMA)150 polymer
and subsequent BTNP micelle fabrication. (B) Targeted and measured degree of polymerization (DP) of Aln (X, magenta) and DMA (Y, green)
in each polymer series. Aln DP measurements are based on spectrophotometric quantiﬁcation using a cation-chelation competition assay.
Resulting BTNPs are denoted by the target % Aln in the hydrophilic, NP surface-forming block (0% Aln, 2% Aln, 5% Aln, 10% Aln, 100% Aln).
*Due to a lack of certainty in the MW of 100% Aln polymer resulting from insolubility in the GPC solvent, we refrain from estimating the Aln DP
of 100% Aln polymer. However, the 100% Aln polymer contains ∼10× the moles of Aln per mass of polymer than the 10% Aln polymer per the
competition assay. (C) FTIR spectrum of BTNP polymers. Characteristic P-O bond peak at 910 cm-1 indicates varying Aln content. (D) STEMEDS characterization of 10% Aln formulation using chemical mapping and EDS line scan over the length of a single micelle (yellow arrow,
analysis on bottom left). Sulfur (blue), oxygen (green), and phosphorus (magenta) were used as signatures for PPS, DMA+Aln, and Aln,
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Figure 1. continued
respectively. Scale bar: 30 nm. (E) EDS spectra of 10% Aln and 0% Aln formulation, highlighting the consistent sulfur (S, component of PPS)
and diﬀerent phosphorus (P, component of Aln) peak magnitudes.

sphosphonate, alendronate, was used as the targeting ligand
because it has the potential to improve bone targeting of
GANT58, while simultaneously reducing TIBD through the
osteoclast inhibitory activity of the bisphosphonate. Previous
work comparing bone-targeting ligands has also shown that
bisphosphonates exhibit a higher binding aﬃnity than
carboxylates and phosphonic acid both in vitro and in vivo.32,33
More recent work demonstrated that bisphosphonate conjugation to NPs for targeted chemotherapy delivery can
contribute to reduced osteolysis in TIBD,34 but this team did
not study bisphosphonate NP surface density or its PK or
pharmacodynamic (PD) consequences. The eﬀect of bisphosphonate ligand density on bone binding has been explored
in vitro, where it was found that a plateau in in vitro bone binding
was observed when NPs with >20% of the NP surface were
grafted with bisphosphonate, and thus 20% surface coverage was
chosen for in vivo studies.12 However, these formulations were
not tested to understand how ligand density aﬀects in vivo PK/
PD. Furthermore, coupling bisphosphonate targeting with
delivery of a TIBD inhibitor such as GANT58 to improve
bone protection from TIBD has not been investigated. Here, we
studied the eﬀect of ligand density on bisphosphonateconjugated NPs, both for in vitro bone binding and for in vivo
systemic PK, and investigated the dual beneﬁt of GANT58 and
bisphosphonate therapy in TIBD as enabled by highly
controlled polymer chemistries.

skeletal complications such as bone pain, increased risk of
pathological fracture, and a reduction in mobility that
signiﬁcantly reduces patient quality of life.2 Current treatment
strategies for tumor-induced bone disease (TIBD) include
antiresorptives such as bisphosphonates and the RANKL
inhibitor, denosumab. These agents systemically inhibit
osteoclast activity to reduce bone resorption, which at high
doses can be associated with disrupted bone homeostasis at
nontumor sites.3−5 Thus, improved treatments for TIBD that
more potently and selectively target tumor-induced bone
destruction while limiting oﬀ-target eﬀects are needed. We
seek to accomplish this goal using a polymeric nanoparticle
(NP) carrier to deliver the Gli2 inhibitor, GANT58, which
previous data suggest will target tumor-associated, but not
physiological, osteoclast function.6,7
After metastasis to bone, breast cancer cells disrupt normal
bone homeostasis to initiate a vicious cycle of TIBD.8 Tumor
cells in the bone microenvironment secrete parathyroid
hormone-related protein (PTHrP) which upregulates osteoblast
expression of receptor activator of nuclear factor kappa-B ligand
(RANKL), driving subsequent osteoclast activation and
resorption of the bone matrix. Bone breakdown releases stores
of matrix-bound growth factors, including transforming growth
factor beta (TGF-β), that further stimulate tumor growth and
osteolytic bone destruction, propagating the cycle.9 We
hypothesize that the small molecule GANT58, which blocks
activity of the transcription factor Gli2 and consequent PTHrP
expression by tumor cells,7 will disrupt the vicious cycle and
reduce tumor-driven bone resorption. Importantly, Gli2 is
primarily associated with development and it is not believed to
be involved in normal bone or other tissue function in
adults.10,11 Due to the hydrophobicity and insolubility of
GANT58, we developed a colloidally stabilized GANT58 in a
systemically deliverable, bone-targeted nanoparticle (BTNP)
formulation.
Using this approach, we sought to develop a stable, longcirculating NP with desirable pharmacokinetics (PK) for tumor
distribution while also conferring bone binding for superior drug
retention at sites of TIBD. Bone targeting of nanomedicines in
previous studies has been achieved using bisphosphonates,12−19
anionic peptides,20−23 carboxylic acids,24 and other phosphatecontaining moieties.25 Anionic charge is a consistent characteristic of these bone-targeting ligands, and it can be a challenge to
achieve the ideal density of negative charge to bind bone while
maintaining suﬃcient PK and tumor distribution. NPs with
highly negative surface charge frequently show poor PK due to
scavenger receptor-based removal by macrophages of the
reticuloendothelial organs such as liver.26 Previously, in an
application unrelated to bone targeting, Xiao et al. showed that
NPs with zeta-potentials of −27, −18, −9, +4, +19, +30, and +37
mV produced tumor/liver ratios of 0.82, 1.28, 1.75, 1.18, 0.84,
0.60, and 0.40, respectively.27 To design and optimize a
nanocarrier that addresses this trade-oﬀ, we built from our
previous work on reactive oxygen species (ROS)-responsive
poly(propylene sulﬁde) core NPs.28−31 We created a library of
BTNPs with tunable density of bone-targeting ligand in an eﬀort
to balance systemic PK and tumor accumulation with bone
binding and retention properties. The bone-binding bi-

RESULTS AND DISCUSSION
Synthesis of Bone-Binding Diblock Copolymers with
Varied Alendronate Content. Five diblock copolymers were
synthesized comprising a nanocarrier core-forming block of
polypropylene sulﬁde (PPS) with a degree of polymerization of
approximately 135 (10 kDa). PPS can eﬃciently encapsulate
hydrophobic small molecules and elicits negligible toxicity upon
systemic administration, motivating its selection as the hydrophobic block.28−31,35−37 Further, PPS is responsive to ROS,
which is prevalent in inﬂamed tissues such as tumors.38,39 The
sulﬁde group in PPS reacts with ROS such as hydrogen peroxide
to create sulfoxides and sulfones. This reaction causes a phase
transition of the polymer from hydrophobic to hydrophilic,
resulting in disassembly of the micelle and subsequent cargo
release.40 The PPS block was synthesized via anionic ringopening polymerization and conjugated to the reversible
addition−fragmentation chain transfer (RAFT) chain transfer
agent (CTA) 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT) as previously described to create
the RAFT macro-CTA PPS135-ECT (Figure S1).28,29,35
The PPS135-ECT was then RAFT polymerization chain
extended with a second hydrophilic block consisting of a
random copolymer of N,N-dimethylacrylamide (DMA) and
pentaﬂuorophenyl acrylate (PFPA) as an intermediate, which
was subsequently reacted with bone-binding alendronate (Aln),
yielding PPS135-b-P(Alnx-co-DMAy)150 (Figure 1A and Figure
S1). DMA was chosen due to its hydrophilicity, low toxicity, and
its short pendant chain length so as to not sterically hinder the
engagement of the bone-targeting ligand. 41 PFPA was
incorporated into the hydrophilic block to act as an amine313

https://dx.doi.org/10.1021/acsnano.9b04571
ACS Nano 2020, 14, 311−327

ACS Nano

www.acsnano.org

Article

Figure 2. Combinatorial library comparing BTNPs with varying Aln content (0, 2, 5, 10, and 100% Aln), fabrication methods
(nanoprecipitation [low solvent dielectric] and solvent evaporation [high solvent dielectric]), and drug/polymer ratios (1:2, 1:4, and 1:10)
identiﬁes lead BTNP fabrication conditions. (A) BTNP hydrodynamic diameter and (B) zeta-potential as measured by DLS. (C) BTNP
GANT58 loading and (D) encapsulation eﬃciency.

reactive intermediate for grafting of bone-binding Aln. The
DMA and PFPA copolymer was targeted to produce a polymer
block with a total degree of polymerization of approximately
150. The stoichiometric ratio of DMA/PFPA in the BTNP
surface-forming block was varied to create ﬁve diblock
copolymer formulations with a target of 0, 2, 5, 10, or 100%
PFPA. The primary amine-containing Aln was then grafted via
the amine-reactive PFPA intermediate to create BTNPs with a
target of 0, 2, 5, 10, and 100% Aln in the NP surface-forming
polymer block. The concentration of Aln was spectrophotometrically quantiﬁed on each BTNP by adapting cationchelation competition assays that exploit the strong and speciﬁc
binding of the o-cresolphthalein complexone with Ca2+.42−45
The experimental DP of Aln was found to be within two units of
the theoretical DP for the 0−10% Aln polymer series (Figure 1B
and Table S1). Fourier transform infrared (FTIR) spectra of the
BTNP polymers show a stretching vibration from the P−O
bond in Aln at ∼910 cm−1, and an increase in peak intensity with
increasing Aln content in polymers indicating Aln content
correlated with PFPA content in the parent polymer prior to
grafting (Figure 1C and Figure S1E). Aln was chosen as the
bone-targeting moiety due to its well-documented bone-binding

aﬃnity and its accessible terminal primary amine for reactivity
with the PFPA group.12,13,46,47 Importantly, Aln is also a
clinically approved osteoclast inhibitor with the potential to
provide BTNP targeting functionality and to contribute to the
bone protective outcomes.3 To generate ﬂuorescently labeled
BTNPs, Cy5-amine ﬂuorescent dye was grafted to the PFPA
block prior to addition of Aln at a 1:1 ﬂuorophore/polymer
molar ratio.
NP Preparation and Morphological Characterization.
NPs were fabricated by a bulk solvent evaporation or
nanoprecipitation method to create GANT58-loaded PPS135b-P(Aln-co-DMA)150 bone-targeted nanoparticles (GANT58BTNPs). Transmission electron microscopy (TEM) was used to
conﬁrm that the GANT58-BTNPs assume the expected micellar
morphology. TEM images indicated that the GANT58-BTNPs
have a spherical morphology and a diameter of approximately 40
nm in their dehydrated form, whereas dynamic light scattering
(DLS) showed that they have a hydrodynamic diameter of
approximately 100 nm (Figure S2). Chemical mapping using
energy-dispersive X-ray spectroscopy (EDS) in scanning TEM
(STEM) was used to visualize chemical content of the BTNPs.
Sulfur (blue) was used as the chemical signature for PPS, oxygen
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https://dx.doi.org/10.1021/acsnano.9b04571
ACS Nano 2020, 14, 311−327

ACS Nano

www.acsnano.org

Article

Figure 3. GANT58-BTNP stability and macrophage uptake. (A) Critical micelle concentration of each BTNP formulation as measured by the
Nile Red method. (B) Salt stability of BTNPs in high salt concentrations (0.5 M NaCl) as measured by DLS. Serum stability of BTNPs in high
serum concentrations (50% FBS) as measured by (C) DLS for NP sizing and (D) FRET for cargo loading stability. (E) RAW 264.7 macrophage
uptake of Cy5-labeled BTNPs treated for 3 h and analyzed for cell uptake by ﬂow cytometry.

demonstrate that the 10% Aln formulation has a notable
phosphorus peak, whereas the 0% Aln formulation (Figure S3)
does not (Figure 1E). The phosphorus signature is indicative of
successful Aln grafting.
BTNP Preparation of a Combinatorial Library. Using the
ﬁve polymers with varied Aln grafting density, two fabrication

(green) for DMA and Aln, and phosphorus (magenta) for Aln.
Using these chemical signatures, the BTNP morphology was
shown to have a sulfur-rich core and a corona rich in oxygen and
comprising sparse amounts of phosphorus, suggesting random
integration of the Aln into the BTNP surface-forming polymer
block (10% Aln shown, Figure 1D). Further, the EDS spectra
315
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Figure 4. GANT58-BTNPs demonstrate binding aﬃnity to hydroxyapatite. (A) BTNP nHA binding kinetics. NR-loaded BTNPs were incubated
with nHA, and percent BTNPs bound to nHA was measured by loss in Nile Red ﬂuorescence in the supernatant over time. (B) Chemical
mapping in STEM-EDS enables visualization of 10% Aln BTNPs physically bound to nHA using sulfur (blue) as a chemical signature for BTNPs
and calcium (white) as signature for nHA. 0% Aln formulation demonstrates minimal nHA binding. Scale bar: 60 nm.

administration can lead to NP disassembly due to NP
concentration dropping below the critical micelle concentration
(CMC).51,52 To conﬁrm the CMC of the BTNPs was lower than
the initial BTNP blood levels, the CMC was determined by the
Nile Red (NR) method (Figure 3A).28 The BTNPs were
determined to be approximately 0.065 mg/mL for all BTNP
formulations, which is approximately 1 order of magnitude
lower than the BTNP concentration upon intravenous (i.v.)
administration (∼0.5 mg/mL). Each BTNP formulation was
also stable in high salt concentrations (0.5 M NaCl) as measured
by DLS, suggesting that the combination of electrostatic and
steric repulsion from the P(Aln-co-DMA) BTNP corona
provides resistance to salt destabilization (Figure 3B). BTNP
serum stability was also investigated by measuring both NP size
and drug retention when challenged with high serum (50% fetal
bovine serum, FBS) conditions. DLS measurements showed
that BTNP size was largely unaﬀected by serum incubation
except for 100% Aln, for which the average size increased from
∼210 to ∼330 nm upon serum exposure (Figure 3C). We
hypothesize that this is due to opsonization of serum proteins to
the negatively charged surface (−35 mV) of the 100% Aln
corona, which may cause particle aggregation. To measure
model drug retention in the presence of serum, the Förster
resonance energy transfer (FRET) pair DiI and DiO were
coloaded into BTNPs and incubated in 50% FBS (Figure 3D).
We found that drug retention was dependent on Aln content in
the hydrophilic block, with the 100% Aln formulation exhibiting
the fastest loss of encapsulated cargo, further demonstrating the
instability of this formulation in serum conditions. Incubation of
BTNPs in lower FBS concentrations (0, 10, 25% FBS) resulted
in similar yet less pronounced trends, with the BTNPs exhibiting
high stability in saline (0% FBS) conditions (Figure S4).
Notably, the 10% Aln formulation exhibited the highest stability
among all formulations.
NP clearance is often initiated in vivo by uptake into the
mononuclear phagocytic system.53 Thus, macrophage uptake
can be used as a preliminary screen for NP clearance and PK in
vivo.49,54 In vitro macrophage uptake experiments showed that
the 100% Aln BTNPs exhibit macrophage uptake signiﬁcantly
higher than that of the lower Aln content formulations (Figure
3E). Interestingly, the 10% Aln formulation exhibits signiﬁcantly
less uptake than the 5% Aln and 100% Aln formulations. This
result aligns with the drug retention ﬁndings that showed the
10% Aln is more stable in serum than the other Aln formulations.

methods, and varying drug/polymer ratios, a BTNP library was
created to identify an optimal formulation based on size, zetapotential, and drug loading (Figure 2). The hydrodynamic
diameter and zeta-potential of the BTNPs were assessed by
DLS, and GANT58 loading was measured by GANT58
ﬂuorescence (ex. 485 nm, em. 590 nm) after 2× dilution in
dimethylformamide (DMF). GANT58-BTNPs of all polymer
formulations exhibited hydrodynamic diameters of approximately 100 nm except the 100% Aln formulation, which
exhibited a larger diameter of approximately 200 nm (Figure
2A). BTNPs formed by the nanoprecipitation method were
smaller than those made with the solvent evaporation method
(96.9 ± 23.5 and 115.1 ± 21.6 nm, respectively, p < 0.001), and
drug loading had no signiﬁcant eﬀect on particle size. The
surface charge of the BTNPs, as measured by zeta-potential, was
Aln-content-dependent, as anticipated. Increasing Aln content
yielded BTNPs with more negative surface charge due to the
constituent phosphate groups in Aln (Figure 2B). GANT58 was
predissolved in the organic phase prior to BTNP fabrication runs
at drug/polymer mass ratios of 1:2 (high), 1:4, and 1:10 (low),
and resultant BTNP GANT58 loading and encapsulation
eﬃciencies were measured (Figure 2C,D). The average loading
and encapsulation eﬃciencies were signiﬁcantly higher (p <
0.001) in BTNPs synthesized via the solvent evaporation
method (low solvent dielectric) across all drug/polymer ratios.
We surmised that despite the marginally smaller size of the
nanoprecipitation-prepared BTNPs, the increased GANT58
loading achieved in the BTNPs prepared by solvent evaporation
rendered it the optimal fabrication method. Previous work has
shown that NPs of 110 nm have higher tumor/liver ratio than
those of 70 or 150 nm, further supporting our hypothesis that
the solvent evaporation BTNP formulation is a favorable size for
tumor delivery.48 Thus, we prepared BTNPs via the solvent
evaporation method for all subsequent experiments. Other
studies have demonstrated the utility of developing combinatorial NP libraries using NP characterization techniques and in
vitro screening to identify optimal NP formulations for use in
vivo.49,50 Here, the development of a combinatorial BTNP
library facilitated identiﬁcation of the fabrication approach to be
used for in vivo studies based on BTNP size, surface charge, and
drug loading.
BTNP Stability and Macrophage Uptake. NP in vivo
bioavailability is essential to maximizing NP accumulation in
tumor-associated bone. Dilution of the NPs upon systemic
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Figure 5. GANT58-BTNP PK and biodistribution indicate that 10% Aln provides an ideal balance of bone binding and vascular bioavailability
associated with reduced liver clearance. (A) Circulation time of Cy5-grafted BTNPs as assessed by a tail-nick method. (B) Area under the curve
measurements calculated by integration of circulation time curves. (C) Cy5 ﬂuorescence quantiﬁcation of GANT58-Cy5BTNP distribution to
bone 24 h (representative images below). (D) Bone/liver ratios quantiﬁed by Cy5 ﬂuorescence at 24 h after injection. (E) GANT58
biodistribution in tumor-associated bone and non-tumor-bearing bone after 10% Aln-GANT58 and 0% Aln-GANT58 BTNPs i.v.
administration as assessed by HPLC.

minimal cargo release at low H2O2 concentrations (Figure S7).
After micelle disassembly in vivo through oxidation, it is
hypothesized that the resultant hydrophilic polymers will be
small enough for renal clearance as proposed for other PPSbased polymer systems.40
BTNP Pharmacokinetics. The PK proﬁle of each
GANT58-BTNP formulation was determined by measuring
the circulation half-life of ﬂuorescently labeled BTNPs. After
retro-orbital injection of Cy5-labeled GANT58-BTNPs
(GANT58-Cy5BTNPs), a tail nick method was used to obtain
small amounts (<5 μL) of blood immediately postinjection (t =
0) and at subsequent times up to 24 h. The blood samples were
then measured for Cy5 ﬂuorescence intensity using a
ﬂuorescence plate reader. BTNP concentration was then
calculated from a standard curve. Circulation time of
GANT58-BTNPs was shown to be Aln-content-dependent,
with higher Aln content leading to shorter circulation half-lives
and lower systemic bioavailability (Figure 5A,B and Table S2).
As expected and in line with other literature, highly negative
BTNP surface charge increased clearance and consequently
reduced circulation time and bioavailability.
BTNP Biodistribution. The biodistribution of GANT58Cy5BTNPs was next evaluated following i.v. tail vein injection in
non-tumor-bearing CD-1 mice. After 24 h, mice were sacriﬁced
and long bones (forelimbs and hindlimbs) and organs were
imaged using an IVIS imaging system. IVIS imaging analysis
software was used to quantify Cy5 ﬂuorescence intensity in the
long bones (Figure 5C). In vivo GANT58-Cy5BTNP
ﬂuorescence in the hindlimbs and forelimbs was also found to
be Aln-content-dependent, with higher Aln content leading to
higher Cy5 signal in bone, as expected based on in vitro
experiments. Further, Cy5 ﬂuorescence intensity in the

We hypothesize that the combination of steric and electrostatic
repulsion in the 10% Aln formulation (zeta-potential: −8 mV)
leads to improved drug retention and shielding from macrophage uptake. Other studies have shown that slightly anionic
micelles avoid nonspeciﬁc organ uptake and improve tumor/
liver biodistribution; and a surface charge between 0 and −15
mV leads to minimal macrophage uptake and longer circulation
times.26,27,55,56
Bone Targeting and Release Characterization of
BTNPs. The bone-binding kinetics of the BTNPs were assessed
in vitro using nanocrystalline hydroxyapatite (nHA) as a bone
substitute. An Aln-dependent binding of BTNPs to nHA was
observed, with increasing Aln content leading to higher
equilibrium nHA binding (Figure 4A). Notably, at these
conditions, the 10% Aln formulation exhibited binding kinetics
similar to those of the 100% Aln formulation. Adsorption
isotherm experiments also demonstrated a similar trend with
increasing Aln content leading to greater binding aﬃnity (Figure
S5). This ﬁnding, along with the results from the combinatorial
NP library and the stability studies, supported the use of the 10%
Aln BTNP formulation as our lead candidate for subsequent in
vivo studies. After incubation with nHA, 10% Aln and 0% Aln
formulations were further investigated for nHA aﬃnity using
chemical mapping in EDS-STEM. Sulfur (blue, indicative of
PPS) and calcium (white) were used as the chemical signatures
for BTNPs and nHA, respectively. Ten percent Aln BTNPs
exhibited signiﬁcant binding to nHA, whereas the 0% Aln
BTNPs showed no speciﬁcity or binding to nHA (Figure 4B and
Figure S6). The ROS-sensitive behavior of the BTNPs was
investigated in vitro using H2O2 as the representative ROS
species and Nile Red (NR)-loaded BTNPs. The NR cargo was
released in a H2O2 concentration-dependent manner with
317
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Figure 6. GANT58-BTNP treatment reduces tumor-mediated bone destruction in a mouse model of early bone metastasis. (A) Tumor
inoculation and treatment timeline for intracardiac model of bone metastasis. (B) Lesion area as assessed by radiographic analysis of combined
hindlimbs is signiﬁcantly reduced in GANT58-BTNP-treated mice over control (p < 0.001). Yellow arrow indicates osteolytic lesions. (C) μCT
analysis of tibiae bone volume fraction (BV/TV) showed signiﬁcantly improved bone preservation in mice treated with GANT58-BTNPs over
control (p < 0.0001). (D) Tartrate-resistant acid phosphatase histomorphometric analysis of osteoclast (OC) number shows signiﬁcantly
decreased OC number per bone perimeter in GANT58-BTNP-treated mice compared to control (p < 0.001). Yellow arrows indicate OCs. Scale
bar: 100 μm. (E) PTHrP immunohistochemistry quantiﬁcation shows that there is a signiﬁcant decrease in tibial PTHrP protein in mice treated
with GANT58-BTNP (p < 0.01). Scale bar: 500 μm, inset image 100× magniﬁcation. (F) Spatial quantiﬁcation of Ki67 immunohistochemistry
shows that there is a decrease in % Ki67 positive cells at the bone interface when treated with GANT58-BTNPs (p < 0.001). Shaded and outlined
regions denote bone. Scale bar: 200 μm. (G) In vitro MTS proliferation assay over 5 day period after drug treatment shows 40 μM GANT58
treatment slows tumor cell growth on rigid but not compliant substrates (p < 0.001).
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10% Aln-GANT58-treated mice exhibited smaller and fewer
lesions compared to the 0% Aln treated and control mice (Figure
6B and Figure S9). To further assess the bone quality in these
mice, microcomputed tomography (μCT) was conducted on
the tibiae after sacriﬁce (Figure 6C). Mice treated with 10% AlnGANT58, 10% Aln, and 0% Aln-GANT58 had signiﬁcantly
higher bone volume fraction (BV/TV) than the 0% Aln and
control mice. These ﬁndings demonstrate that the 10% Aln
BTNPs alone have a therapeutic eﬀect due to functionalization
with the osteoclast-inhibiting bisphosphonate, Aln. This ﬁnding
aligns with previous studies that have also found that polymerconjugated Aln exhibits antiresorptive activity in vivo.34,58
Notably, the 10% Aln-GANT58-treated mice exhibited BV/
TV signiﬁcantly higher than that of 10% Aln and 0% AlnGANT58-treated mice, suggesting that the GANT58 and Aln
collaborate to produce better bone outcomes in the setting of
TIBD. Measurement of other morphometric parameters
including connectivity density (Conn.D), trabecular number
(Tb.N), trabecular separation (Tb.Sp), and trabecular thickness
(Tb.Th) also demonstrated that 10% Aln-GANT58 treatment
signiﬁcantly improved bone quality (Figure S10). The functional eﬀect of both GANT58 and Aln treatment is to reduce
osteoclastogenesis. To conﬁrm that improved bone outcomes
with GANT58-BTNP treatment is due to a reduction in
osteoclast activation, tartrate-resistant acid phosphatase
(TRAP) histological staining was conducted on the tibia
samples after μCT analysis (Figure 6D). TRAP staining showed
that the 10% Aln-GANT58, 10% Aln, and 0% Aln-GANT58treated mice exhibited signiﬁcantly fewer osteoclasts per bone
perimeter (N.Oc/B.Pm) than 0% Aln-treated and control mice,
with 10% Aln-GANT58 trending toward having the least
osteoclasts of any group. The eﬀect of BTNPs on bone cell
precursors was next investigated in vitro in order to substantiate
the in vivo study mechanistic ﬁnding that GANT58-BTNPs
reduce tumor-mediated osteoclastogenesis. First, a coculture of
mouse bone-marrow-derived stromal cells and MDA-MB-231
tumor cells was utilized as a means to measure the GANT58BTNP eﬀect on osteoclastogenesis. The coculture was treated
with 40 μM free GANT58, BTNPs, or GANT58-BTNPs and
cultured for 7 days prior to ﬁxation and TRAP staining. Results
showed that GANT58-BTNP treatment signiﬁcantly reduced
osteoclast number compared to the no treatment control
(Figure S11A). These results suggest that GANT58-BTNPs
exhibit the hypothesized eﬀect of reducing tumor-mediated
osteoclastogenesis.
Previous mechanistic studies have demonstrated that genetic
repression of Gli2 transcription factor activity reduces
expression of PTHrP and that this is the mechanism that
consequently reduces tumor-associated osteoclastogenesis.59,60
To conﬁrm that this mechanism is operative in the context of
GANT58-BTNP treatment, PTHrP immunohistochemistry was
carried out as a marker for GANT58-mediated Gli2 inhibition.
Quantitation showed that GANT58-BTNP treatment signiﬁcantly reduced PTHrP protein levels at the bone-tumor site
compared to control, suggesting that the reduction in osteoclast
number is tied to reduced PTHrP signaling (Figure 6E).
Previous studies showed that Gli2 overexpression accelerates
cell cycle progression and augments proliferation in tumor cells,
whereas Gli2 inhibition blocks tumor growth in vitro and even in
vivo when Gli2 is molecularly repressed using genetic techniques
in bone metastatic cancer cell lines.60,61 This motivated the
hypothesis that blocking Gli activity in metastatic breast tumors
could obstruct their potential to establish in bone and adopt a

forelimbs and hindlimbs was >2-fold higher in mice treated with
the 10 and 100% Aln formulation over the 0% Aln formulation.
Quantiﬁcation of bone/liver ratios demonstrates that 10% Aln
has a bone/liver ratio signiﬁcantly higher than that of all other
formulations (Figure 5D). Despite the high bone uptake
exhibited by the 100% Aln formulation, the 10% Aln formulation
was deemed the lead candidate for subsequent studies due to its
superior GANT58 drug loading (4-fold higher, Figure 2C), high
cargo retention exhibited by FRET studies (Figure 3D), and a
smaller, more desirable size for systemic delivery compared to
the 100% Aln formulation (100 nm vs 210 nm, respectively) and
its higher bone/liver biodistrubution ratio (Figure 5D).
Next, visualization of the 10% Aln BTNPs in tumor-bearing
mouse tibiae was pursued in order to investigate spatial
distribution of the BTNPs within the bone-tumor milieu.
MDA-MB-231 bone tumor cells were intratibially injected into
mice and allowed 14 days for growth. A single injection of
Cy5BTNPs was then administered via tail vein injection and
allowed 24 h for circulation prior to sacriﬁce and hindlimb
dissection. After cryosectioning, serial sections were stained with
hematoxylin and eosin (H&E) or imaged via ﬂuorescence
microscopy for Cy5 ﬂuorescence. Fluorescence microscopy
showed that there was signiﬁcant Cy5BTNP signal in the tibia
after 24 h circulation, and comparison to the H&E section
showed that the Cy5BTNPs localized both at the endosteal
surface and in the trabeculae, as well as in the tumor space
(Figure S8). These ﬁndings suggest the BTNPs are able to
penetrate the bone matrix and the tumor and are retained there
>24 h.
Delivery of the GANT58 cargo to bone and bone-tumor site
was determined by high-performance liquid chromatography
(HPLC) on tissues extracted from intratibially injected MDAMB-231 tumor-bearing athymic nude mice that had been
systemically treated with GANT58-BTNP (Figure 5E). In mice
treated with 10% Aln formulation, GANT58 concentration was
approximately 50% higher in both the tumor-associated bone
and the non-tumor-bearing bones, indicating that Aln-based
bone targeting increases GANT58 concentration at the bonetumor site. Further, GANT58 biodistribution to the tumorassociated bone was roughly 4-fold higher than that in nontumor-bearing bone in both groups, suggesting that the
enhanced permeation and retention eﬀect contributes to
tumor accumulation of NPs through leaky blood vessels57 at
the bone-tumor site.
GANT58-BTNP Treatment Reduces Bone Destruction
in a Mouse Intracardiac Model of Bone Metastasis. Based
on the in vitro and biodistribution studies, it was hypothesized
that GANT58-BTNPs could block metastatic tumor-associated
bone destruction and potentially reduce initiation of bone
metastasis. To test this hypothesis, female athymic nude mice
were treated with either GANT58-BTNPs (10% Aln-GANT58,
8 mg/kg GANT58), unloaded BTNPs (10% Aln), nontargeted
GANT58-BTNPs (0% Aln-GANT58, 8 mg/kg GANT58),
nontargeted unloaded BTNPs (0% Aln), or no treatment
control (control) via tail vein injection. The inclusion of a free
GANT58 arm of the study was precluded by the inability to
identify an intravenously tolerable vehicle capable of solubilizing
the lipophilic GANT58. MDA-MB-231 bone tumor cells were
inoculated via intracardiac injection, and treatments were given
5 times/week for 4 weeks (Figure 6A).
Radiographic imaging was used to track tumor progression in
the hindlimbs of mice by visualization of osteolytic lesions.
Radiographic analysis prior to sacriﬁce at week 4 showed that the
319

https://dx.doi.org/10.1021/acsnano.9b04571
ACS Nano 2020, 14, 311−327

ACS Nano

www.acsnano.org

Article

Figure 7. GANT58-BTNPs elicit neglibile systemic toxicity. Biochemical analysis of serum markers of liver toxicity (A) ALT and (B) AST and
kidney toxicity (C) BUN after 10% Aln-GANT58, 10% Aln, 0% Aln-GANT58, 0% Aln, or PBS vehicle treatment 5×/week for 4 weeks. Dotted
lines indicate two standard deviations above and below reported median levels (dashed line) from animal supplier. (D) Representative images
of liver and kidney at 20× and 40× from lead candidate formulation-treated (10% Aln-GANT58) and control mice.

cell behavior causing spatial heterogeneity within the tumor site,
especially for a tumor microenvironment that contains both a
rigid, mineralized bone phase and soft bone marrow. Previous
research in our lab demonstrated that Gli2 expression in bone
metastatic cell lines is driven by matrix rigidity,62,63 and here, we
show that Gli2 inhibition has direct tumor cell growth inhibition
eﬀects at the mineralized bone interface. Collectively, these
ﬁndings suggest that GANT58-BTNP eﬀectively protects
against TIBD by inhibiting the positive feedback signaling
between tumor and bone cells, consequently reducing osteoclast
activity, and reducing the stimulation for tumor cells to grow
into the mineralized phase of the bone.
Toxicological safety of the GANT58-BTNPs after treatment
at therapeutic doses is key to clinical translatability. The
toxicological proﬁle of the GANT58-BTNPs was examined by
drawing blood at the time of sacriﬁce for the cohort of mice in
the intracardiac model study after having received 10% AlnGANT58, 10% Aln, 0% Aln-GANT58, 0% Aln treatment, or no
treatment control daily at 8 mg/kg GANT58 (or equivalent dose
of unloaded BTNPs) for 4 weeks. Biochemical analysis of blood
serum markers for liver (ALT and AST) and kidney (BUN)
toxicity showed there was no signiﬁcant increase above two
standard deviations from average levels reported by the animal
supplier (Envigo) (Figure 7A−C). Further, histological sections
showed no evident toxicity in the liver and kidneys of lead
candidate formulation-treated mice compared to control
(Figure 7D). These ﬁndings are consistent with previous studies
using PPS-based polymers that have demonstrated toxicological
safety even at high NP doses and in non-human primates.35,65 In
addition to systemic toxicity, it is also important that GANT58BTNPs do not aﬀect normal osteoblastogenesis. To test this,
hMSCs were treated with 40 μM free GANT58, BTNPs, or
GANT58-BTNPs, and the eﬀect of hMSC diﬀerentiation
toward osteoblasts was tested using an Alizarin Red mineralization assay. After 14 days culture in osteogenic media, Alizarin

bone-destructive phenotype. However, histomorphometric
analysis of the tibiae from treated mice showed no signiﬁcant
decrease in overall tumor burden in 10% Aln-GANT58-treated
mice (Figure S12A). It is important to note the large variability
in tumor burden inherent to the intracardiac model as evidenced
by the large standard error. Even with this variability in
consideration, there is signiﬁcant tumor burden in the 10% AlnGANT58-treated mice despite maintenance of high bone area
(Figure S12B). Based on previous studies from our lab reporting
that both mechanically-rigid mineralized bone matrix and TGFβ drive Gli2 expression in bone-metastatic cancer cell lines,62,63
we hypothesized that GANT58-BTNP treatment may have a
spatially heterogeneous eﬀect on tumor cells that mirrors the
spatial variation in Gli2 expression. Therefore, we measured the
eﬀect of GANT58-BTNP treatment on tumor cell proliferation
by measuring Ki67 via IHC (Figure 6F). Importantly, we found
heterogeneous changes in Ki67 staining, with a reduction of
Ki67 positive cells near the bone-tumor interface and more
staining away from the bone in the 10% Aln-GANT58-treated
mice. However, untreated control mice showed high proliferation rate both at the bone surface and in the tumor space. To
further investigate these ﬁndings, an in vitro proliferation assay
was conducted on MDA-MB-231 cells cultured on rigid, tissue
culture plastic or compliant gelatin methacrylate (GelMA) gels
treated with GANT58 (Figure 6G). The proliferation assay
supported the in vivo ﬁndings showing that GANT58
signiﬁcantly reduced proliferation of cells on rigid substrates
but not on compliant substrates. Taken together, these ﬁndings
support the concept that concentrated bone surface delivery of
the GANT58-BTNP strongly blocks both aberrant osteoclast
activation and tumor cell in-growth into the mineralized phase of
tumor-containing bone.
Cells respond diﬀerently based on the mechanical rigidity of
their microenvironment.64 Mechanically sensitive responses in
tumors drive phenotypic changes that alter gene expression and
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ization with 2-iodoethanol. In brief, 1,8-diazabicyclo[5.4.0]undec-7ene (DBU) (3 mmol, 0.46 g, 0.45 mL) in dry THF (15 mL) was
transferred to a heat-dried and nitrogen-ﬂushed 100 mL roundbottomed ﬂask and degassed for 30 min. The ﬂask was submerged into
an ice bath, and a degassed solution of 1-butanethiol (1 mmol, 0.122 g,
0.138 mL) in THF (10 mL) was added dropwise at 0 °C. After 30 min,
freshly dried, distilled, and degassed propylene sulﬁde (135 mmol, 9.99
g, 10.56 mL) monomer was added to the reaction mixture, and the
temperature was maintained at 0 °C for another 30 min. The
polymerization was carried out for another 150 min, quenched by
addition of degassed 2-iodoethanol (4 mmol, 0.68 g, 0.311 mL), and
stirred overnight at room temperature. The next day, the polymer
mixture was ﬁltered to remove precipitated salt, and the ﬁltered solution
was concentrated under vacuum. The crude polymer was puriﬁed by
three precipitations into cold methanol (100 mL) from dichloromethane (10 mL) before being vacuum-dried to yield a colorless
viscous polymer. The formation of polymer with a terminal hydroxyl
functionality was characterized by 1H NMR and GPC. 1H NMR (400
MHz; CDCl3): δ (ppm) 1.3−1.4 (s, CH3), 2.5−2.8 (s, −CH), 2.8−3.1
(s, CH2), 3.72 (q, CH2-OH) (PPS135-OH, Mn = 9700 g/mol, PDI =
1.32).
Synthesis of Poly(propylene sulﬁde)-4-cyano-4(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (PPS135ECT). The PPS-based reversible addition−fragmentation chain-transfer
macrochain transfer agent was prepared using a Steglich esteriﬁcation
reaction between carboxyl-terminated ECT (RAFT agent) and the
terminal hydroxyl groups of the PPS135-OH. To a dried ﬂask, PPS135OH (6.0 g, 0.6 mmol), ECT (0.628 g, 2.4 mmol), and 4dimethylaminopyridine (DMAP, 0.021 g, 0.18 mmol) were transferred
and dissolved in DCM and degassed for 15 min. To this ﬂask, N,N′dicyclohexylcarbodiimide (DCC, 0.495 g, 2.4 mmol) was added and
stirred at room temperature for 24 h. The polymer mixture was ﬁltered
to remove precipitated dicyclohexyl urea and concentrated under
vacuum. The crude polymer mixture was diluted with DCM (10 mL)
and subsequently puriﬁed by three precipitations into 250 mL of cold
methanol. 1H NMR (400 MHz; CDCl3): δ (ppm) 1.35 (t, 3H, −S−
CH2−CH3), 1.3−1.4 (s, 3H, CH3), 1.88 (s, −C(CN)−CH3), 2.4−2.67
(m, 4H, −CH2−CH2−S), 2.5−2.8 (broad s, S−CH), 2.8- 3.1 (broad s,
2H, CH2), 3.34 (q, −S−CH2−CH3), 4.2 (t, −OCH2−CH2) (PPS135ECT, Mn,GPC = 9900 g/mol, PDI = 1.32).
Synthesis of Poly(propylene sulﬁde)-b-poly(pentaﬂuorophenyl acrylate-co-dimethylacrylamide) PPS135b-P(PFPAx-co-DMAy)150. The diblock copolymer PPS135-b-P(PFPAxco-DMAy)150 was synthesized via RAFT polymerization using AIBN as
the initiator at a 5:1 molar ratio of PPS135-ECT to AIBN. In order to
minimize PFPA hydrolysis during synthesis, anhydrous solvents were
used in all synthesis steps. In a 10 mL round-bottom reaction ﬂask,
PPS135-ECT (0.3 g, 0.03 mmol) was codissolved with stoichiometric
amounts of PFPA and DMA in 1:1 DMF to 1,4-dioxane (4 mL) to
achieve a ﬁnal second block chain length of 150, where the PFPA
amount was varied from 0 to 100% PFPA in the 150-unit second block
with the balance DMA. A solution of AIBN (0.98 mg, 0.006 mmol) in
1,4-dioxane was added to the reaction mixture and degassed for 15 min
by bubbling ultra-high-purity nitrogen through the reaction mixture.
The reaction ﬂask was then submerged in a 70 °C oil bath and
polymerization was allowed to proceed for 24 h. The ﬁnal polymerization mixture was precipitated twice in cold diethyl ether and dried
under vacuum overnight to yield a light-yellow polymer.
Synthesis of PPS135-b-P(Alnx-co-DMAy)150 and Fluorescent
PPS135-b-P(Alnx-co-DMAy)150. The amine-reactive PFPA group of
PPS135-b-P(PFPAx-co-DMAy)150 was used to graft alendronate (Aln),
an amine-terminated bisphosphonate, to the polymer backbone.
PPS135-b-P(PFPAx-co-DMAy)150 (0.013 mmol, 0.3 g), triethylamine
(0.013 mmol, 1.8 μL), and Aln (10% excess of PFPA molar content)
were added to a dry round-bottom ﬂask and dissolved in DMSO (4 mL)
and submerged in a 50 °C oil bath. The amine conjugation was allowed
to proceed for 24 h at 50 °C. The reaction contents were then dialyzed
against deionized water for 48 h followed by lyophilization. For
ﬂuorescent labeling of polymers, Cy5-amine (0.013 mmol) was added
to the reaction ﬂask prior to Aln addition and reaction allowed to

Red staining showed that the GANT58-BTNP and control
treatments had no negative eﬀect on hMSC diﬀerentiation and
mineralization (Figure S11B).
The current clinical TIBD treatmentsbisphosphonates and
the RANKL inhibitor denosumabhave been linked to side
eﬀects such as osteonecrosis of the jaw (ONJ) and atypical
femoral fractures.66−69 Thus, alternative treatments that
mitigate oﬀ-target eﬀects are warranted. The low systemic
toxicity elicited by GANT58-BTNPs in addition to its eﬃcacy
and speciﬁcity in inhibiting tumor-induced bone destruction
and tumor proliferation at the bone interface highlights the
potential beneﬁt of this treatment over gold standard treatments.

CONCLUSION
Synthesis of BTNP polymers and development of a
combinatorial NP library yielded a GANT58-loaded lead
candidate formulation that signiﬁcantly reduced bone destruction in an intracardiac mouse model of bone metastasis. The lead
BTNP formulation, 10% Aln, demonstrated an ideal balance of
systemic bioavailability, tumor biodistribution, and bonebinding aﬃnity. Although conferring bone-binding aﬃnity
to NPs is an area of active research,13,46,70 much of this work
focuses on delivery of traditional chemotherapeutics (doxorubicin, paclitaxel, and cisplatin).15,21,34,58 The bone marrow
microenvironment is extremely sensitive to chemotherapeutics,
so targeting these chemotherapies speciﬁcally to bone with the
goal of minimizing oﬀ-target eﬀects can lead to signiﬁcant
toxicity to healthy bone cells and bone itself.71,72 Importantly,
the lead formulation here elicited minimal systemic toxicity
upon i.v. administration with an aggressive treatment schedule.
Further, the application of highly controlled RAFT-based
chemistry allowed us to tune the targeting ligand content in
order to demonstrate the functional balance between high bone
binding and desirable systemic PK, both of which can contribute
to eﬃcient delivery to tumors associated with bone. Interestingly, the lead formulation showed dual beneﬁts, with both the
bone-targeting ligand Aln and the loaded therapeutic GANT58
signiﬁcantly contributing to bone protection outcomes. Finally,
this study elucidated through histological analysis that there is a
spatial heterogeneity in the GANT58-BTNP eﬀects on tumor
cell proliferation, with this therapy speciﬁcally blocking growth
into and destruction of the mineralized phase of bone. This
provides insight into the role that the bone microenvironment
plays in driving tumor progression and suggests that targeted
GANT58 delivery combined with chemotherapy or molecularly
targeted therapy should be investigated to yield treatments that
will improve both patient quality of life and survival.
MATERIALS AND METHODS
Cell Lines and Reagents. The human breast cancer cell line MDAMB-231 was obtained from ATCC, and a bone metastatic variant
(MDA-MB-231 bone) generated in our lab was used for all in vitro and
in vivo experiments, as previously published.73,74 MDA-MB-231 bone
cells were maintained in DMEM (Cell-gro) plus 10% FBS (Hyclone
Laboratories) and 1% penicillin/streptomycin (P/S; Mediatech). All
cell lines are routinely tested for changes in cell growth and gene
expression. GANT58 was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), and all other reagents were purchased from SigmaAldrich (St. Louis, MO, USA) unless otherwise speciﬁed.
Synthesis of Hydroxyl End-Functionalized Poly(propylene
sulﬁde) (PPS135-OH). A terminal hydroxyl end functional poly(propylene sulﬁde) polymer was synthesized by anionic ring-opening
polymerization of the three-membered cyclic propylene sulﬁde
monomer using DBU/1-buthanethiol followed by an end functional321
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proceed 24 h. To the same reaction ﬂask was added Aln, and the
reaction proceeded as described. The resulting polymer was then
dialyzed ﬁrst against methanol for 48 h until disappearance of the
ﬂuorophore color and then against deionized water for 48 h.
Fourier Transform Infrared Analysis. To conﬁrm that the
synthesized polymers had varied Aln concentrations, FTIR spectra were
recorded on a Bruker Tensor 27 system (Billerica, MA). Brieﬂy, Aln and
polymers with diﬀerent percentage of Aln (5 mg) were mixed with IRgrade KBr (100 mg), and pellets were prepared on a KBr press (Specac,
Slough, UK). The presence of Aln was identiﬁed based on the presence
of the stretching vibration of the P−O bond in Aln.75
Determination of Aln Content. A fully water-soluble cationchelation assay adapted from previously established methods was
developed in order to measure the polymer-bound Aln relying on the
competitive chelation of Ca2+ with the well-established calcium
quantiﬁcation chromagen, o-cresolphthalein complexone.42−45 First,
10.3 mg of o-cresolphthalein complexone was dissolved into 100 mL of
0.1 M glycine buﬀer (pH 10) and was used to dissolve various
concentration of Aln (standard curve, 0−2 mM) or Aln-containing
polymers. Two hundred microliters of each was added to a well of a 96well plate, and an absorbance reading was measured at 570 nm. The
plate was then removed, and 5 μL of a 1 mM CaCl2 solution was added
to each well. The plate was gently shaken for 5 min and the absorbance
measured again at 570 nm. Absorbance of the Aln reading with CaCl2
was subtracted by the corresponding well/reading without CaCl2 and
used to form a standard curve (R2 = 0.97−0.99). Diﬀerent
concentrations of the Aln polymer were also used in order to ensure
the polymer fell within the linear range of the assay (typically
characterized as the region where doubling the polymer concentration
resulted in doubling of absorbance diﬀerence (+CaCl2 vs −CaCl2),
corresponding to the 0.1−0.7 mM region of the Aln standard curve).
The number of Aln per polymer chain was then estimated based on the
molecular weight of the polymer.
GANT58-BTNP Formulation and Characterization. GANT58loaded nanoparticles (GANT58-BTNPs) were fabricated by either the
bulk solvent evaporation method or nanoprecipitation method. PPS135b-P(Alnx-co-DMAy)150 and GANT58 were dissolved in chloroform
(solvent evaporation) or methanol (nanoprecipitation) and added
dropwise to stirring phosphate-buﬀered saline (PBS, 1 mL). For the
solvent evaporation method, the biphasic solution was left stirring
overnight to allow for chloroform evaporation and micelle formation.
For nanoprecipitation, the solution was allowed to stir for 1 h, after
which the methanol was removed from the solution via rotary
evaporation. The resulting micelle solution was ﬁltered by syringe
ﬁltration (0.45 μm cutoﬀ) producing the ﬁnal GANT58-BTNP
formulation. The same technique without GANT58 was used to create
empty PPS135-b-P(Alnx-co-DMAy)150 NPs (Empty-BTNPs). The
hydrodynamic diameter (Dh) and zeta-potential (ζ) of the GANT58BTNPs and Empty-BTNPs was measured by dynamic light scattering at
a concentration of 1 mg/mL in PBS (pH 7.4) via a Malvern Zetasizer
Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK) equipped
with a 4 mW He−Ne laser operating at λ = 632.8 nm. TEM samples
were prepared as previously described.35 Brieﬂy, 5 μL of GANT58BTNPs was pipetted onto a carbon TEM grid (Ted Pella, Inc., Redding,
CA, USA), blotted dry after 60 s, and counterstained with 1% uranyl
acetate for 20 s, and allowed to vacuum-dry overnight. The grids were
imaged on an FEI Tecnai Osiris microscope (Hillsboro, OR, USA)
operating at 200 kV for TEM and scanning transmission electron
microscopy energy-dispersive X-ray spectroscopy.
The ﬂuorescent properties of GANT58 were used to measure
GANT58 loading within the BTNPs. GANT58-BTNPs in PBS (50 μL)
were pipetted into a 96-well plate and dissolved by adding an equal
amount of DMF. A GANT58 standard curve in the same solvent (1:1
DMF/PBS) was prepared on the same plate. Fluorescence intensity of
GANT58 (ex. 485 nm, em. 590 nm) was measured on a microplate
reader (Synergy H1, Biotek, Winooski, VT), and GANT58
concentration was calculated from the standard curve. Loading was
calculated as mass of GANT58 per total mass of BTNPs (%), whereas
the encapsulation eﬃciency was calculated as the mass of GANT58 in
the BTNPs per the mass of GANT58 introduced (%).
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Critical Micelle Concentration. The critical micelle concentration
was measured as previously described.28,35 Nile Red was used as the
encapsulated cargo due to its hydrophobic ﬂuorescence properties and
its similar molecular weight to GANT58. NR is ideal for identifying
intact micelles due to its ﬂuorescence in hydrophobic environments and
minimal ﬂuorescence in aqueous environments. NR-loaded PPS135-bP(Alnx-co-DMAy)150 micelles (NR-BTNPs) were fabricated by solvent
evaporation, and serial dilutions of the NR-BTNPs were prepared in
PBS. NR ﬂuorescence (ex. 535 nm, em. 612 nm) was then read on a
microplate reader (Synergy H1, Biotek, Winooski, VT), and the
intersection point on the semilog plot of NR ﬂuorescence versus
polymer concentration was deﬁned as the CMC as previously
described.28
BTNP Stability Measurements. BTNP stability was tracked by
measuring the BTNP hydrodynamic diameter in salt and serum using
DLS. BTNPs were prepared at a concentration of 100 μg/mL in
solutions of NaCl (0.5 M) or fetal bovine serum (50% in PBS) and
incubated for 2 h prior to DLS measurements. Hydrodynamic
diameters were compared to control BTNP solutions prepared in
PBS. Serum stability was further investigated using a FRET-based assay
described previously.35,76 Brieﬂy, BTNPs were coloaded with the FRET
pair DiI and DiO and incubated in 50% FBS. Fluorescence
measurements were taken at emission wavelengths of 517 and 573
nm after excitation at 480 nm over an 8 h time period on a ﬂuorescence
microplate reader. FRET eﬃciency was calculated as
%FRET =

I573
× 100
I573 + I517

Macrophage Uptake. RAW 264.7 macrophages were seeded at
25 000 cells/well in a 24-well plate. After 24 h, cells were incubated with
DMEM containing 1 mg/mL Cy5-grafted GANT58-BTNPs for 4 h.
Cells were then washed 3× with PBS containing 1% bovine serum
albumin, harvested using a cell scraper, and pelleted. Cell pellets were
resuspended in PBS containing 0.04% trypan blue and run through a
ﬂow cytometer (BD LSR Fortessa, BD Biosciences, Franklin Lakes, NJ,
USA). Cy5 ﬂuorescence (ex. 640, em. 670) was monitored; 1000 cells
were collected for each measurement, and mean Cy5 ﬂuorescence was
normalized to original BTNP solution ﬂuorescence. Untreated RAW
264.7 cells were used as negative controls.
In Vitro Bone-Binding Kinetics. The bone-binding kinetics of the
BTNPs were assessed using nanocrystalline hydroxyapatite (Sigma) as
the substitute for bone in vitro as described previously.12,77,78 Brieﬂy,
NR-BTNPs were prepared as described and incubated at 1 mg/mLor
at varying concentrations for adsorption isotherm experimentswith
40 mg nHA in 4 mL of PBS. Samples were then placed on a stir plate
(Cimarec, Thermo Scientiﬁc, Waltham, MA) in a 37 °C incubator. At
predetermined time points, samples were centrifuged at 1500 rpm for 5
min and a 100 μL sample of the supernatant was removed and measured
for NR ﬂuorescence intensity (ex. 535 nm, em. 612 nm) on a microplate
reader (Synergy H1, Biotek, Winooski, VT). NR ﬂuorescence in the
nHA-containing supernatant was divided by ﬂuorescence in samples
prepared identically but without nHA in order to calculate the fraction
of unbound NPs, which was then converted to a percentage and
subtracted from 100 to obtain the % HA bound.
Mineralization Assay. Human mesenchymal stem cells (hMSCs)
were seeded in a 24-well plate at 50 000 cells/well and allowed to
proliferate for 48 h in MSC growth medium 2 (PromoCell) as
previously described.79 Medium was then changed to MSC osteogenic
diﬀerentiation medium (PromoCell) treated with vehicle (DMSO),
free GANT58 (40 μM), BTNPs (10% Aln, 40 μM equivalent polymer
dose), or GANT58-NPs (10% Aln-GANT58, 40 μM GANT58) to
induce osteoblast diﬀerentiation. After 14 days culture with media
changes every third day, cells were then washed with PBS, ﬁxed in 10%
formalin for 45 min, and stained with Alizarin Red S (80 mM) for 30
min. Cells were then washed 5× with water and observed via an
inverted microscope. Five percent SDS was then used to extract the
Alizarin dye by incubation in the surfactant for 1 h under constant
shaking. The extracted Alizarin dye was then read on a plate reader at
OD 405 nm.
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Osteoclastogenesis Assay. Mouse bone-marrow-derived stromal
cells (BMSCs) were isolated from C57BL/6J mice for use in an
osteoclastogenesis coculture assay as described previously.80,81 Brieﬂy,
hindlimbs were dissected, and both ends of the femora and tibiae were
cut. BMSCs were collected via centrifugation and plated on 100 mm
culture dishes in α-MEM. Nonadherent cells were then collected and
pelleted after 2 h. The BMSCs (500 000 cells/well) and MDA-MB-231
bone tumor cells (1000 cells/well) were seeded in 48-well plates in 300
μL of media supplemented with 10 ng/mL TGF-β (day 1). On day 1,
treatments began with free GANT58 (40 μM), BTNPs (10% Aln, 40
μM equivalent polymer dose), and GANT58-BTNPs (10% AlnGANT58, 40 μM GANT58). On each subsequent day, medium was
replaced with fresh α-MEM supplemented with treatments until
ﬁxation on day 6. Cells were ﬁxed, stained for TRAP, and
counterstained with hematoxylin using a TRAP kit (Sigma) per the
manufacturer’s instructions. TRAP-positive cells with more than two
nuclei were counted as osteoclasts. An experimental group without
MDA-MB-231 bone tumor cells (no tumor) served as a negative
control.
Hydrogen Peroxide (H2O2)-Dependent Drug Release. The
ROS-sensitive behavior of the BTNPs was measured as previously
described, using H2O2 as the ROS species.35 Brieﬂy, NR-BTNPs
prepared as described were exposed to a range of concentrations (1−
2000 mM) of H2O2. Fluorescence intensity of NR was monitored in a
96-well plate using a microplate reader (Synergy H1, Biotek, Winooski,
VT). NR release caused by BTNP oxidation and destabilization was
kinetically measured based on loss in NR ﬂuorescence. The percent NR
release was calculated from the NR ﬂuorescence loss in the presences of
H2O2 by comparing the ﬂuorescence reading from that of the
ﬂuorescence value prior to H2O2 addition and presented as a percent
NR remaining. This value was then subtracted from 100% and
presented as percent NR release.
Biodistribution. CD-1 female mice (4−6 weeks old, Envigo, n = 5)
were injected with GANT58-loaded Cy5-grafted PPS135-b-P(Aln15-coDMA135) (GANT58-Cy5BTNPs) via tail vein injection (8 mg/kg
GANT58). At 24 h post-NP injection, mice were sacriﬁced and organs
and long bones (forelimbs and hindlimbs) were imaged on an IVIS
Lumina III imaging system (Caliper Life Sciences, Hopkinton, MA).
ROI analysis was conducted on the images using the IVIS software. For
GANT58 biodistribution, female athymic nude mice (4−6 weeks old,
Envigo, n = 5) were injected with 2.5 × 105 MDA-MB-231 bone
tumor cells in 10 μL of PBS into the left tibia under isoﬂurane anesthesia
as previously described.82 As a control, the contralateral limb was
injected with 10 μL of PBS. After 2 weeks for tumor establishment, 10%
Aln-GANT58 BTNPS or 0% Aln-GANT58 BTNPs were administered
via tail vein injection. After 24 h circulation, mice were sacriﬁced and
limbs and organs were ﬂash frozen in liquid nitrogen. Limbs were then
cryo-milled (SPEX SamplePrep, Metuchen, NJ, USA) and resulting
milled powder was weighed. Liquid−liquid extraction was conducted in
a 6:1 DCM/PBS solution, and the DCM layer containing GANT58 was
collected. After DCM was removed by vacuum, GANT58 was
reconstituted and concentration was measured by HPLC.
Cryohistology. Rag 2−/− mice (female, 4−6 weeks old, n = 3)
were inoculated with 2.5 × 105 MDA-MB-231 bone tumor cells in 10
μL of PBS into the left tibia under isoﬂurane anesthesia as previously
described.82 Cy5BTNPs were administered via a single tail vein
injection, and mice were sacriﬁced at 24 h. Tibiae were dissected and
frozen before being embedded in optimal cutting temperature
compound (Fisher Healthcare). Serial sections with a thickness of 5
and 20 μm were collected using the multipurpose cryosection
preparation kit from Section-Lab Co. Ltd. (Yokohama, Japan) and
ﬁxed in 10% formalin to either be stained with hematoxylin and eosin or
used for ﬂuorescent imaging. The 5 μm samples were ﬁxed in 10%
formalin for 30 s and rinsed with deionized water. The sections were
then stained with hematoxylin solution, Gill No. 3, rinsed with
deionized water, stained with Eosin from Section-Lab Co. Ltd., and
rinsed again with deionized water. The sections were rinsed with 100%
ethanol and then with deionized water before being mounted onto a
slide with Prolong Gold mounting media (Thermo Fisher). The 20 μm
samples were ﬁxed in 10% formalin for 30 s and rinsed with deionized
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water. The sections were then mounted onto a slide with Prolong Gold
mounting media with DAPI (Thermo Fisher).
Pharmacokinetics. Cy5-grafted GANT58-BTNPs were injected
into Rag 2−/− mice (female, 4−6 weeks old, n = 5) via retro-orbital
injection (8 mg/kg GANT58, 100 μL injection) under isoﬂurane
anesthesia. At 1 min, 15 min, 30 min, 1 h, 2 h, 4 h, 12 h, and 24 h, a small
volume of blood (<5 μL) was drawn via tail nick, collected in a
heparinized capillary tube, and dispensed into PCR tubes. The whole
blood samples contained in PCR tubes were then frozen at −80 °C.
Samples were thawed at time of analysis, diluted 40× in PBS, and then
read on a Take3 microvolume plate (Biotek) in a Synergy H1
ﬂuorescence plate reader (Biotek). Background ﬂuorescence was
subtracted using a blank whole blood sample control. A standard curve
was made by adding Cy5-grafted BTNPs into mouse blood that was
then frozen until time of analysis and was then diluted 40× as were the
samples.
Orthotopic Mouse Model of Early Bone Metastasis. Mice
(athymic nude, female, 4−6 weeks old, Envigo) were inoculated with 1
× 105 GFP-expressing MDA-MB-231 cells via intracardiac injection
into the left cardiac ventricle while under isoﬂurane anesthesia, as
previously described.60 Mice were treated 5× per week via 100 μL tail
vein injections with GANT58-BTNPs (10% Aln formulation, 8 mg/kg,
n = 12), GANT58-NPs (0% Aln formulation, 8 mg/kg, n = 12),
unloaded BTNPs of the same formulations (10% Aln and 0% Aln, n =
12 per group), or PBS (control). Mice were imaged weekly via
radiographic imaging to track tumor progression and sacriﬁced at 4
weeks.
Radiographic Imaging. Starting 1 week post-tumor cell
inoculation, mice were imaged via radiographic imaging using a
Faxitron LX-60. Mice were anesthetized using isoﬂurane and laid in a
prone position on the imaging platform. Images were acquired at 35
kVp for 8 s. Lesion area and number in the combined hindlimbs of the
mice were measured using quantitative image analysis software
(Metamorph, Molecular Devices, Inc.) by region of interest analysis.
All data are represented as mean lesion area and number per mouse.
Microcomputed Tomography. A high-resolution μCT 50 system
(Scanco Medical) was used to analyze the mouse tibiae bone volume
and microarchitecture. Tomographic images were acquired of
hindlimbs in 70% ethanol (70 kVp, 12 μm voxel size, 300 ms
integration time). μCT images were reconstructed, ﬁltered (σ = 0.2,
support = 1.0), and thresholded at 230. Tibiae were contoured starting
10 slices below the growth plate and continued 100 slices in the distal
direction using the Scanco software algorithm. Images of individual
tibiae were analyzed using the Scanco Medical Imaging software to
determine the morphometric parameters.
Histology/Histomorphometry. At autopsy, tibiae were removed
and ﬁxed in 10% formalin (Fisher Scientiﬁc) for 48 h at room
temperature. Fixed tibiae were then stored at 4 °C in 70% ethanol and
subsequently decalciﬁed in 10% EDTA for 2 weeks at 4 °C. Specimens
were then embedded in paraﬃn and sectioned into 5 μm sections via
microtomy. Bone sections were stained with H&E, orange G, and
phloxine and examined under a microscope. Tumor burden in the tibiae
was quantiﬁed using Metamorph software (Molecular Devices, Inc.)
and region of interest analysis. For osteoclast analysis, bone sections
were stained for TRAP utilizing a substrate incubation step (0.2 mg/mL
Napthol AS-BI) followed by a color reaction (25 mg/mL Pararosaniline
dye) to form a bright red stain in TRAP-positive cells. Sections were
then counterstained with hematoxylin, coverslipped, and examined
under a microscope and quantiﬁed using OsteoMeasure software
(OsteoMetrics, Decatur, GA, USA). Liver and kidney were also
removed during autopsy. Processing, embedding, sectioning, and H&E
staining were performed by the Vanderbilt Translational Pathology
Shared Resource (TPSR) per established protocols.
Immunohistochemistry. Ki67 immunohistochemical staining was
performed by the Vanderbilt TPSR per established protocols. PTHrP
immunohistochemistry was carried out as previously described on
decalciﬁed paraﬃn-embedded tibial sections using a rabbit anti-PTHrP
antibody (1:2500, R87).83,84 Metamorph software (Molecular Devices,
Inc.) was used to quantify PTHrP-positive staining.
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Proliferation Assay. In a 96-well plate, MDA-MB-231 bone
tumor cells were seeded at 2000 cells/well in triplicate. Half of the wells
were precoated with 0.5 mm GelMA as a compliant substrate. Vehicle
(DMSO) or GANT58 (40 μM) was added to wells after 24 h. Cell
proliferation was determined by MTS assay using the CellTiter 96
aqueous nonradioactive cell proliferation assay kit (Promega) per the
manufacturer’s instructions. Absorbance values were measured at OD
490 nm on a plate reader and normalized to no cell controls in the
respective GelMA-coated and uncoated wells.
Ethics Statement. All animal protocols were approved by
Vanderbilt University Institutional Animal Care and Use Committee
(IACUC) and were conducted according to National Institutes of
Health (NIH) guidelines for care and use of laboratory animals.
Statistical Methods. Unless otherwise stated, statistics were
determined via a one-way ANOVA with Tukey multiple comparisons
test using Prism 7 software. All reported data display mean and standard
error unless otherwise noted. A value of p < 0.05 was considered
statistically signiﬁcant with n ≥ 3 for all experiments.
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