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ABSTRACT: Malignant osteolysis associated with irreversible primary bone tumors and bone metastases remains a clinically
urgent problem. Exploiting the imaging and therapy function of flexible nanomedicine can provide an alternative for therapeutic
navigation and monitoring of malignant osteolysis. Here, we report the development of albumin-based gadolinium oxide
nanoparticles loaded with doxorubicin and conjugated with bone-seeking alendronate for targeted delivery and therapeutic
monitoring. Compared with nontargeted nanomedicine, bone-seeking accumulation and retention can be proven by MRI in a
rat model of focal malignant osteolysis. Meanwhile, we observed a whole-body distribution in the consecutive SPECT imaging
after radiolabeling with 125I, SPECT imaging also indicated the enhanced bone tumor accumulation and prolonged retention.
Resulting from the high drug loading and 131I labeling efficiency, the targeted nanomedicine exhibited significant chemotherapy
and inter-radiotherapy capacity. Ultimately, the tumor burden of rats was obviously decreased except for the nontargeted group
and the empty carrier group. In vivo CT imaging and pathological analysis revealed that the combined therapy was an efficient
measure for antiosteolysis. Our findings suggest that albumin-based nanomedicine can provide a platform for bone-seeking
diagnosis and therapeutic monitoring.
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■ INTRODUCTION

How to treat malignant bone destruction efficiently and
accurately is still an important clinical problem.1 The clinical
treatment of malignant bone destruction is mainly radio-
therapy, including external and internal irradiation.2 Radio-
therapy can exert activity through the induction of tumor cell
and osteoclast apoptosis within the diseased bone micro-
environment by exogenous ray device and endogenous
radioisotope.3 Adjuvant treatment with combined radiotherapy
can effectively improve the prognosis, such as chemotherapy
and bone resorption inhibitors.4,5 Even so, cases of treatment
failure still occur clinically.6 Therefore, it is necessary to
develop some new targeted therapy strategies for improving
long-term outcomes.7

Well-developed nanotechnology can provide an alternative
for targeted therapy of malignant osteolysis.8 Nanomedicine-
based targeted therapy is largely attributable to its uniquely
appealing features for drug delivery, diagnosis, and imag-

ing.9−11 For example, Cheng’s group developed a series of
alendronate, peptides, and other compound-targeted nano-
particles for selective delivery of therapeutics to the osteolytic
lesions and treatment of malignant bone tumors.12−17 Swami
et al. engineered bone-homing polymeric nanoparticles for
spatiotemporally controlled delivery of therapeutics to multiple
myeloma, which diminish off-target effects and increase local
drug concentrations.18 Gu’s group described a platelet
membrane-coated nanoparticulate platform for targeted
delivery of bortezomib based on the bone microenvironment
targeting strategy.19 However, to further visually analyze
subsequent drug delivery to the osteolysis locations and
achieve the desired therapeutic efficiency remains a chal-
lenge.20,21
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Recently, Qian et al. reported that pamidronate-function-
alized nanomedicine can focus well on skeletal malignant
osteolysis with significant therapeutic efficacy through nuclear
medicine and CT imaging techniques.22 Wang’s group
demonstrated the engineered multifunctional Ag2S QD-based
nanomedicine for chemotherapy and osteolysis inhibition in an
orthotopic bone metastasis model.23 The in vivo targeting
delivery of doxorubicin to the bone tumor can be clearly
visualized by the NIR-II fluorescence (Scheme 1). These above

researches pioneered in vivo tracing for targeted chemo-
therapy. However, to meet clinical applications, it is urgent to
develop some green and simple strategies to construct
nanomedicine that combines targeted therapy and therapeutic
monitoring.24,25

Throughout the past few decades, different types of albumin-
based nanomedicines have been potentially explored for drug
delivery, targeted imaging, and theranostics.26 They were
primarily constructed by self-assembly, covalent coupling,27

coordination labeling,28 and biomineralization methods.29 For
example, Abraxane, a paclitaxel-loaded human serum albumin
nanomedicine, has been approved by the FDA for cancer
treatment.30 Our group has also developed a series of albumin-
based biomimetic mineralization systems for imaging and
therapy of cancer.20,31−38 Therefore, it is very meaningful to
develop targeted therapy for nanomedicine using albumin-
based systems.
Herein, we report an alendronate (ALN) functionalized,

albumin-based gadolinium oxide nanoparticles (GdNPs) for
the targeted therapy of bone metastasis by delivering
doxorubicin (DOX) specifically to the osteolytic location.
ALN, a clinically used bone-targeting bisphosphonate drug, has
been recognized for its exceptionally high affinity toward
hydroxyapatite (HA), a major inorganic component of bone.39

Resulting from the presence of more free calcium ions in the
malignant osteolytic region compared to normal bone tissue,
improved theranostic efficacy of ALN functionalized, DOX-
loaded GdNPs (ALN-GDOX NPs) can be achieved in an
orthotopic rat model of bone metastasis. Most importantly, the
subsequent radiation iodinated (125I or 131I) NPs using the

chloramine-T method could be evaluated for SPECT/CT
imaging and combination radio-chemotherapy.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Radioactive sodium iodide (125I or

131I) was obtained from Shanghai GMS Pharmaceutical Co., Ltd.
Human serum albumin and all other chemicals were purchased from
Sigma-Aldrich (Shanghai, China). Ultrapure water (18 MΩ·cm) was
utilized throughout the research.

Instrumentation and Characterization. The morphology of
ALN-GDOX NPs was characterized using an FEI G2 spirit BioTwin
transmission electron microscope (TEM) with an accelerating voltage
of 120 kV. To obtain a clear TEM image of protein composites, a
phosphotungstic acid based negative stainning method was used.
Fourier transform infrared (FT−IR) spectra were recorded on a
VERTEX 70 spectrometer (Bruker). The hydrodynamic size was
measured using dynamic light scattering (DLS, Zetasizer ZS90,
Malvern). The concentration of Gd element was measured using an
inductively coupled plasma mass spectrometer (ICP-MS, Elemental-2,
ThermoFisher). MRI and SPECT/CT imaging were performed using
1.5 T MRI system (Philips) and U-SPECT+/CT (MILABS),
respectively.

Synthesis of ALN-GDOX NPs. GdNPs was synthesized according
to previously reported methods.34,37 Albumin (0.25 g) was dissolved
in 9.0 mL of deionized water, and then 1.0 mL Gd(NO3)3 solution
(100 mM) was slowly added under vigorous stirring. Next, NaOH
(2.0 M) was used to adjust the pH of the solution to 12, and the
mixture was then allowed to react under vigorous stirring at 37 °C for
12 h. Next, doxorubicin (DOX) was added to the above solution and
stirred for 12 h. The obtained solution was dialyzed to form self-
assembled GDOX NPs with 50 kDa fiber dialysis membrance.

To prepare the targeted nanomedicine, ALN-GDOX NPs were
prepared according to the literature.40,41 ALN was thiolated by
incubating equal volumes of ALN (80 mM in 0.1 M phosphate buffer)
with 2-iminothiolane (2-IT) solution (40 mM in 0.1 mM phosphate
buffer) for 2.5 h. The product from this reaction was then directly
added to the succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC)-reacted GDOX NPs in equal volumes and
incubated for 2.5 h at room temperature. To remove the unreacted
reagents, the conjugates were thoroughly dialyzed against deionized
water for 24 h. The product obtained was ALN-GDOX NPs.

For radiolabeling, 4 mL ALN-GDOX NPs or GDOX NPs (1 mg
mL−1 Gd) solution was mixed with 100.0 μL freshly prepared
chloramine T solution (1.0 mg mL−1), and then 1 mL 125I− (1.2 mCi,
half-life of 60 d) solution was immediately added, followed by
ultrasonication for 10 min. Subsequently, radioiodine can displace the
p-hydrogen atom of the phenolic group in the tyrosine residues of
albumin.33 The radiochemical purity of 125I− labeled solution could be
more than 95% through ultrafiltration. The resulting product was
named 125I-ALN-GDOX NPs or 125I-GDOX NPs.

As for the radionuclide 131I labeling, except for the radioactivity of 5
mCi, the other procedures were the same as that above.

Orthotopic Bone Metastasis Model. Animal experiments were
approved by Animal Ethics Committee of Soochow University
(Suzhou, China). The 4-week-old female SD rats of approximately 68
g were obtained from the Experimental Animals Center of Soochow
University (Suzhou, China). All animal procedures were performed
under anesthesia by inhalation of a 2.5% isoflurane/air mixture. The
orthotopic bone metastasis model was established in SD rats by
injection of 1 × 106 of rat breast cancer cells (Walker 256) suspended
in 20 μL PBS into the right proximal tibia using an insulin syringe
with 29G, 0.5 in. Tumor progression was visualized and assessed
weekly in vivo using an SPECT/CT imaging system (U-SPECT+/CT,
MILABS).33,37

Multimodal Imaging in Bone Metastasis Model. For MRI, the
rats bearing orthotopic bone metastasis model were intravenously
injected with ALN-GDOX NPs or GDOX NPs (500 μL containing
0.01 mM Gd). The MRI images were captured at preinjection (Pre),
and 30 min postinjection. For SPECT/CT imaging, the rats bearing

Scheme 1. In Vivo Imaging Analysis for Therapeutic
Monitoring of Bone-Seeking Albumin-Nanomedicine

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.9b01195
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acsbiomaterials.9b01195


orthotopic bone metastasis model were intravenously administered
with 125I-ALN-GDOX NPs or 125I-GDOX NPs (500 μL containing 1
mCi 125I). A series of SPECT/CT images were captured at 0.5, 1, 2, 4,
6, 8, 12, and 24 h postinjection.
In Vivo Anticancer Efficacy and Pathologic Analysis. To

evaluate the therapeutic effect of a single dose, six rats were divided
into six groups, such as GdNPs only treated rats (GdNPs), 131I
labeled GdNPs treated mice (131I-GdNPs), GDOX NPs treated mice
(GDOX), 131I-GDOX NPs treated mice (131I-GDOX), ALN-GDOX
NPs treated mice (ALN-GDOX), 131I-ALN-GDOX NPs treated mice
(131I-ALN-GDOX). After 15 day postinjection, we used CT to
observe the bone destruction in the rat leg, and the imaging results
were used as the basis for evaluating the efficacy of malignant bone
destruction.
After CT imaging, all rats were sacrificed for the histopathological

analyses. The main organs were then excised and fixed in 4%
paraformaldehyde, such as heart, liver, spleen, lung, kidney, and shin
bone. The shin bone was decalcified within in 10% (w/w) EDTA for
7 d. The embedded organs with petrolatum were sectioned at 8 mm
using an ultramicrotome (CM1900, Leica). The stained sections with
H&E were observed using an inverted fluorescence microscope
(IX73, Olympus).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Albumin-Nano-

medicines. To obtain stable ALN-GDOX NPs, GdNPs were
first prepared via a one-step biomineralization approach as
previously described.33,37 Protein-based mineralization strat-
egies exhibit multiple advantages such as facile and
reproducible methodology, chemical stability, and biocompat-
ibility.42 In particular, the protein scaffold has a high potential
to fabricate an imaging nanoprobe43 and simultaneously allow
for the protein scaffold to act as a drug carrier.44 The DOX
induced albumin-based GdNPs of self-assembly complexes
were obtained after mixing GdNPs with DOX at pH 12, and
then the mixtures were dialyzed against saline to remove
unbound free DOX. The color of the product becomes
amaranth. The drug loading was measured to be 75.6 wt % by
high-performance liquid chromatography (HPLC). For realiz-
ing the bone-seeking, the ALN molecule was conjugated with
the primary amine on the surface of GDOX NPs according to
the previous report.45 During the conjugation of alendronate,
the solution was maintained under alkaline conditions. At this
time, DOX could not be released from the solution, and
further assembly was achieved after dialysis.
The fabricated ALN-GDOX nanostructure was confirmed

by TEM images, and the average diameter was about 35 nm
(Figure 1A). FT−IR spectra in the fingerprint area (<1600
cm−1) confirmed that DOX was loaded in the hydrophobic
layer of albumin-based GdNPs and indicated that ALN was
also successfully conjugated on the surface of GDOX NPs
(Figure 1B). On the basis of dynamic light scattering
measurement, the GDOX NPs showed great stability with
hydrodynamic diameters of 46 nm, suggesting the strong
binding of DOX by GdNPs due to the hydrophobic interaction
between DOX and the protein hydrophobic domain. Even
after 1 week, it still maintained high colloidal stability in H2O
and phosphate buffered saline (PBS, pH 7.4) containing 10%
fetal bovine serum (FBS) (Figure 1C). The hydrodynamic size
of GDOX NPs was measured to be almost identical to that of
GdNPs (Figure S1, Supporting Information, SI), suggesting
that binding of DOX would not induce any significant protein
aggregation. These assembled GDOX NPs still maintained the
high relaxation rate of the GdNPs. The r1 relaxivity value is
about 3 times that of the clinical contrast agent, and its value is

10.7 mM−1 s−1 (Figure 1D). These physicochemical character-
istics confirmed that the GDOX NPs were successfully
prepared. By measuring the amounts of free DOX released
from the albumin complex under different pH, we found that
the assembly nanostructures had obvious pH response
performance. After 24 h, the release rate of DOX reached
50%, even 70% under acidic conditions (Figure 1E). However,
even at 36 h, the release rate of DOX was merely 20% under
the neutral and alkaline pH. According to literature, we
suggested that the pH-dependent release behavior of DOX
from nanocomposites was due to electrostatic interactions
between DOX and albumin. Albumin molecules have many
free carboxyl groups, which could bind positively charged
amino groups of DOX via electrostatic attractions. With a
decrease in the pH value, the electrostatic interactions between
DOX and BSA became weak due to protonation of albumin,
which resulted in easy release of DOX from albumin
macromolecules in acidic environments. These release profiles
suggested that the nanostructures will be stable during in vivo
circulation, whereas the DOX would be availably released after
acid tumor microenvironment internalization of the nano-
medicine.46

In the radiopharmaceutical research, radioiodine is the most
important medical isotope, such as 125I for SPECT imaging
and brachytherapy, 131I for local treatment, and 124I for PET
imaging.47 Generally, radioiodine can be labeled on the
tyrosine carriers by redox reactions, such as chloramine T
method.33 Due to the abundant tyrosine residues in the
albumin molecule, we can perform radioactive iodine labeling
on the GDOX NPs.33 The obtained 125I-labeled GDOX NPs
have excellent radiation stability (Figure 1F). This result is very

Figure 1. (A) TEM images of ALN-GDOX NPs. (B) FT−IR spectra
of GdNPs, GDOX NPs, and ALN-GDOX NPs. (C) Hydrodynamic
diameters of ALN-GDOX NPs measured at different medium by
DLS. (D) The relaxivity curves of ALN-GDOX NPs and Gd-DTPA
from T1-weighted maps in MRI phantoms. (E) Effect of pH
condition on the doxorubicin release from the ALN-GDOX NPs. (F)
Radiolabeling stability of 125I-ALN-GDOX NPs.
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beneficial to our subsequent radionuclide imaging and therapy
of tumor.
Targeting Imaging of Albumin-Nanomedicines in

Vitro and in Rats. Moreover, to verify the bone-specific
affinity of ALN-GDOX NPs, hydroxyapatite (HA, the main
composition of bone) was first incubated with two kinds of
nanomedicines for bone binding analysis in vitro.23 We can
directly analyze the affinity from the mixture color. As shown
in Figure 2A, ALN-GDOX NPs showed a stronger binding

efficacy to HA than that of GDOX NPs. After incubation of
HA (10 mg) with ALN-GDOX NPs (10 μg mL−1) for 24 h,
enhanced amaranth of the HA precipitates was detected. In
contrast, negligible amaranth was observed in the HA
precipitates after incubation with GDOX NPs without
targeting the ligand of ALN. To further verify the affinity of
diphosphonate for HA, we blocked the HA with excess
phosphate buffer for 24 h, and then added the ALN-GDOX
solution, we found that hydroxyapatite showed a slight color
change compared to the unblocked group. These results
indicate that the ALN-GDOX NPs have a good affinity for the
main components in the bone, which will be beneficial to the
targeted imaging and treatment of malignant bone destruction.
To verify the targeting performance of ALN-GDOX NPs in

vivo, 1 mL ALN-GDOX NPs and GDOX NPs (the exposure
dose in rats was about 7.85 mg Gd/kg) were injected into the
tail veins of the orthotopic bone metastasis models,
respectively. MRI was performed using a clinical 1.5T magnetic
resonance scanner before and after intravenous injection of the
nanoparticles. MRI contrast enhancement of tumor could be
observed at 0.5 h postinjection (Figure 2B). As expected, the
ALN-GDOX NPs with active targeting function have a
significant accumulation in the tumor location. Of course,
the GDOX NPs can also passively target to the tumor result
from the enhanced permeability and retention (EPR)
effect.48,49 However, the T1 signal of GDOX NPs was much
lower than that of ALN-GDOX NPs after postinjection. The
above results indicated that the nanoparticles with conjugated
ALN have superior targeting ability to that of the orthotopic
bone metastasis model.

In Vivo Biodistribution Imaging of Albumin-Nano-
medicine by SPECT. Due to 125I with the γ-ray emission (Eγ

≈ 35.5 keV, t1/2 ≈ 60 d), 125I-labeled albumin nanoparticles
can be used for SPECT imaging.50 As a clinically nuclear
medical imaging tool, SPECT imaging can not only trace the in
vivo biodistribution of nanomedicine, but also visually analyze
the targeting capacity.51 So we still test the two kinds of 125I-
labeled nanomedicines (125I-ALN-GDOX NPs and 125I-GDOX
NPs) for comparable SPECT imaging. In the confirmed CT
imaging, there is serious bone destruction in the right hind leg
of orthotopic bone metastasis rats (SI Figure S2), whereas the
contralateral leg can serve as an internal control. As shown in
Figure 3A,B, SPECT imaging indicated that the radioactivity of

the tumor was 2.25% ID g−1 (% ID g−1, i.e., the nanomedicine
concentration in terms of the percentage of the injected dose
per gram of tissue) in the rats injected with 125I-ALN-GDOX
NPs after 0.5 h postinjection, whereas the radioactivity of the
contralateral leg was only 0.24% ID g−1. At about 1.5 h
postinjection, the radioactivity reached a maximum value. The
enhanced radioactivity of the tumor-bearing leg lasted for as
long as 24 h, which indicated that the 125I-ALN-GDOX NPs
were preferentially retained in the osteolytic microenvironment
due to the high binding affinity. Conversely, no obvious
difference can be shown in the tumor-bearing rats injected with
125I-GDOX NPs between the tumor-bearing leg (1.03% ID
g−1) and the contralateral leg (0.93% ID g−1) even at earlier 2
h postinjection. Due to the EPR effect of the tumor
microenvironment, the nontargeted 125I-GDOX NPs could
be efficiently accumulated in the tumor-bearing leg at 4 h
postinjection, and the radioactivity was 1.2% ID g−1. After 24 h
postinjection, the accumulation of passive targeted 125I-GDOX
NPs was only 0.13% ID g−1, which was much lower than that

Figure 2. (A) Bone-specific affinity of ALN-GDOX NPs in vitro. (B)
In vivo MRI of the orthotopic osteosarcoma animal models with
ALN-GDOX NPs and GDOX NPs at 0.5 h. Red arrows indicate the
leg with the inoculated tumor.

Figure 3. (A) In vivo SPECT/CT imaging of the orthotopicbone
metastasis model with 125I-ALN-GDOX NPs and 125I-GDOX NPs,
respectively. Red arrows indicate the leg with the inoculated tumor.
(B) Quantitative analysis of 125I-ALN-GDOX NPs and 125I-GDOX
NPs in OS-residing right hind leg postinjection evaluated by SPECT/
CT imaging.
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of 125I-ALN-GDOX NPs (0.52% ID g−1). These results
significantly showed that the nanomedicine conjugated with
ALN have superior bone-seeking capacity, which was
consistent with the MRI.
To further confirm the above results, ex vivo radioactivity

was measured by gamma counter. After 24 h postinjection, the
blood and other tissues were collected from the sacrificed rats.
The radioactivity of the tumor-bearing legs in the rats injected
with 125I-ALN-GDOX NPs and 125I-GDOX NPs were 0.84 and
0.19% ID g−1, respectively. The accumulation of 125I-ALN-
GDOX NPs and 125I-GDOX NPs in the blood and other
organs were also measured by γ-counter (SI Figure S3),
whereas the two kinds of nanomedicines mainly accumulated
in reticuloendothelial organs. Due to the detachment of iodine,
the radioactivity could also be detected in the thyroid and
stomachs during the systemic circulation from the two kinds of
nanomedicines.52

Efficacy Evaluation of Albumin-Nanomedicines in
Rats. From the resulting preferential accumulation of ALN-
GDOX NPs to the osteolytic location demonstrated by
SPECT/CT and MRI images, we inferred that the desired
antitumor activity could be achieved with chemotherapy
(DOX) combined with inter-radiotherapy (131I). To inves-
tigate this therapeutic potential, 131I, as an inter-radiotherapy
isotope, was labeled on the surface of nanomedicine for
combined therapy of the orthotopic bone metastasis model.
Two weeks after tumor inoculation, all rats were randomly
divided into six groups, such as GdNPs, GDOX NPs, ALN-
GDOX NPs, 131I-GdNPs NPs, 131I-GDOX NPs, and 131I-ALN-
GDOX NPs. Subsequently, the in vivo tumor burden was
demonstrated with micro-CT imaging for the efficacy
evaluation of nanomedicine (Figure 4A). As expected, rats
treated with 131I-ALN-GDOX NPs achieved the weakest
osteolysis in the localized tumor region in comparison with

all other treatment groups. Certainly, rats treated with ALN-
GDOX and 131I-GDOX also marginally slowed bone
destruction, whereas severe bone destruction occurred in all
other groups (e.g., GdNPs, GDOX NPs, and 131I-GdNPs). The
results indicated that rats receiving 131I-ALN-GDOX NPs had
a macroscopic antitumor effect, whereas all control rats
uniformly demonstrated tumor progression during the 14-day
study.
To further confirm the effectiveness of the combination

therapy, the extent of bone destruction resultant from localized
tumor invasion was evaluated by pathologic analysis. After
micro-CT imaging, all rats were euthanized and sacrificed for
the tissue collection. The decalcified bone sections were
stained with H&E. As shown in Figure 4B, the right tibias of
tumor-bearing rats receiving GdNPs, GDOX, and 131I-GdNPs
appeared to have the severe pathologic osteolysis associated
with malignant tumor progression. On the contrary, pathologic
osteolysis was suppressed in rats receiving 131I-ALN-GDOX,
which generated a remarkable tendency toward the decreased
percentage of leg volume (leg with tumor/normal ×100%) (SI
Figure S4). Collectively, the results with suppressed osteolysis
and reduced leg volume provided strong evidence for the
significant antitumor efficacy of 131I-ALN-GDOX NPs in an
orthotopic rat model.

■ CONCLUSIONS
In summary, we developed albumin self-assembled nano-
medicine capable of targeting bone and evaluating the
efficiency with an in vivo imaging analysis method. Due to
the multifunctional albumin, it can be used not only as a
scaffold for biomineralized GdNPs, but also as a carrier for
drug delivery and as a label with 125I/131I for imaging and
therapy. More importantly, the albumin-based nanomedicine
can be conjugated with a bone-seeking molecule for bone
targeting imaging and therapy. Taking advantage of the
performance of the nanomedicines, we successfully realized
in vivo targeted imaging of MRI and SPECT/CT in the rats
bearing an orthotopic bone metastasis model. These nano-
medicines have shown excellent tumor-homing performance
due to the EPR effect and bone-seeking capabilities.
Encouraged by precise multimodal imaging, 131I-labeled
targeting nanomedicine showed a significant antitumor effect
for the rat model due to combined chemotherapy and inter-
radiotherapy. Inspired by the high bone contrast of CT
imaging, in vivo CT imaging can adequately reflect the extent
of bone destruction. So we adopted in situ CT imaging of the
bone location for the efficiency evaluation, the rats of the
combined therapy exhibited the weakest bone destruction in
comparison with all the other treatment groups. Moreover, the
pathologic analysis has also proven the results of the in vivo
CT imaging. Overall, we can use the imaging capabilities of
nanomedicine itself and evaluate the therapeutic effects of
nanomedicine by noninvasive imaging. Our design strategy of
albumin-based nanomedicine has a profound platform for
clinical translation.
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Figure S1, hydrodynamic size of GdNPs; Figure S2, CT
imaging taken at 14 d postinoculation of the tumor cells;

Figure 4. (A) Micro-CT images of tibias in six representative rats
receiving different intravenous treatments of NPs. Red arrows indicate
the tumor-bearing leg. (B) Pathologic osteolysis associated with
tumor progression of different treatment groups.
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125I-GDOX NPs in the blood and other organs; and
Figure S4, trend toward increased percentage of leg
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