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Abstract

Chemotherapy for bone tumors is a major challenge because of the inability of therapeutics to
penetrate dense bone mineral. We hypothesize that a nanostructured formulation with high affinity
for bone could deliver drug to the tumor while minimizing off-target toxicity. Here, we evaluated
the efficacy and toxicity of a novel bone-targeted, pH-sensitive liposomal formulation containing
doxorubicin in an animal model of bone metastasis. Biodistribution studies with the liposome
showed good uptake in tumor, but low accumulation of doxorubicin in the heart. Mice treated with
the bone-targeted liposome formulation showed a 70% reduction in tumor volume, compared to
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35% reduction for free doxorubicin at the same dose. Both cardiac toxicity and overall mortality
were significantly lower for animals treated with the bone-targeted liposomes compared to free
drug. Bone-targeted, pH-sensitive, doxorubicin containing liposomes represent a promising
approach to selectively delivering doxorubicin to bone tumors while minimizing cardiac toxicity.

Graphical abstract

Bone-targeted alendronate-coated liposomes containing doxorubicin (SpHL-AL-DOX) provide
increased uptake in bone metastases, higher antitumor activity, reduced cardiac toxicity and
reduced mortality rate when compared to either free doxorubicin or untargeted liposomes.

increased intratumor wptake ~ increm sed sjection fraction &
of DOX, #h post-injection weeks affor treatment onsst
= 20 1

............

-

| 3 -

-

]

3 o

E

g —

o warriva

[
L]

Tirms tdays

Keywords
hydroxyapatite-targeting; bisphosphonates; doxorubicin; bone tumor; cardiotoxicity

INTRODUCTION

Many advanced cancers metastasize to the bone, e.g. 60 to 75% of breast metastases occur in
bones [1]. These metastatic foci are characterized by increased osteoclastic activity and
osteolysis, and are associated with pain, fractures, and nerve compression syndromes. The
end result is decreased quality of life [2]. There has been little improvement in drug
development in patients with metastatic breast cancer to the skeleton. In this context,
effective therapies to inhibit the progression of bone metastases would have important
clinical benefits.

Liposomal formulations have become well established to deliver chemotherapies. To further
improve drug delivery to tumors, pH-sensitive liposomes have been developed. These
liposomes are designed to be less stable in an acidic environment as occurs in the tumor
extracellular matrix as well as within endosomes [3]. Further selectivity may be achieved by
active targeting of the liposome to the tumor site.

A major characteristic of bone is its high content of the mineral hydroxyapatite (HA). HA
limits the diffusion of drugs into the bone and prevents access to less vascularized areas [4].
Among drugs shown to accumulate in bones, the bisphosphonates have been studied as
targeting vectors, either by direct conjugation to non-specific bone therapeutic agents or by
conjugation to the surface of drug delivery systems such as liposomes [5-10].
Bisphosphonates have been shown to target bone tumors, likely due to the increased
vascularity associated with the tumor and because of osteoclast activity surrounding the
tumor which results in increased HA surface area [11]. In a previous work from our group,
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we developed a pH-sensitive, bone-targeted liposomal formulation containing the anticancer
drug doxorubicin (DOX) and proved its ability of interacting with the bone matrix and
release the drug under reduced pH environments [12]. From our knowledge, this was the
first liposomal formulation to successfully combine pH-sensitivity with bisphosphonate
conjugation to actively target bone tumors.

In the current work these alendronate-coated pH-sensitive liposomes containing DOX
(SpHL-DOX) were prepared, evaluated in a mouse model of metastatic breast cancer to the
bone, and compared to untargeted liposomes or free DOX. Single photon emission
computed tomography (SPECT) and bioluminescence imaging (BLI) were used to
characterize the animal model and to monitor treatment response. We studied the effect of
the different formulations on survival, tumor size, and cardiotoxicity.

METHODS

Material

Cholesteryl hemisuccinate (CHEMS), doxorubicin, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) sodium salt, sodium alendronate, sodium hydroxide,
and D-luciferin were obtained from Sigma Chemical Company (Saint Louis, MI, USA).
Lipoid GmbH (Ludwigshafen, Germany) supplied Dioleoylphosphatidylethanolamine
(DOPE) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(polyethyleneglycol-2000) (DSPE-PEG2000). Dulbecco's modified Eagle's medium
(DMEM) was purchased from Gibco (Grand Island, NY, USA). The human breast
adenocarcinoma cell line (MDA-MB-231) was purchased from American Type Culture
Collection (Manassas, VA, USA). Xylazine solution (Dopaser™ 2%) was obtained from
Hertape Calier (Juatuba, MG, Brazil). Ketamine hydrochloride solution (Dopalen™ 10%)
was purchased from Vetbrands Agroline (Campo Grande, MT, Brazil). HYNIC-pBAla-
Bombesin;_14(**™Tc-BBN7_14) peptide was supplied by GL BioChem (Shanghai Shi,
China), and technetium-99m was obtained by a molybdenum-99/technetium-99m generator
from Instituto de Pesquisas Energéticas (Séo Paulo, Brazil). All other chemicals used in this
study were of analytical grade.

Liposome preparation

Alendronate-coated pH-sensitive liposomes containing DOX (SpHL-AL-DOX) composed
by DOPE, CHEMS, and DSPE-PEGg34q0-AL (5.7:3.8:0.5 molar ratio and DOX at 2
mgemL1) as well as alendronate-non coated pH-sensitive liposomes containing DOX
(SpHL-DOX), composed by DOPE, CHEMS, DSPE-PEG»qqg (5.7:3.8:0.5 molar ratio and
DOX at 2 mgemL~1) were prepared by thin film hydration method followed by extrusion
and DOX encapsulation by remote loading driven by a transmembrane sulphate gradient, as
previously described [12]. Details about the preparation and physicochemical
characterization are described in the Supplementary Information.

Tumor model

All animal experiments were performed according to the experimental guidelines of the
Animal Experimentation Ethics Committee of Universidade Federal de Minas Gerais and
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the Massachusetts General Hospital Subcommittee on Research Animal Care. Female nude
Balb/C mice bearing MDA-MB-231 bone metastasis were employed in this study. Tumor
bearing mice were established as following: 10° MDA-MB-231 cells were inoculated into
the medullar channel of the left tibia of mice. Tumors were allowed to grow for 15 days

and 99MTc-methylene diphosphonate (MDP) SPECT, 99MTc-BBN;_14 SPECT, and BLI were
used to confirm the presence of the tumor. After image acquisition, animals were euthanized
and the legs were collected for histological analyses. Formalin-fixed samples were
dehydrated gradually in ethanol, embedded in paraffin, cut into 4-mm sections, stained with
hematoxylin-eosin and examined under light microscopy.

SPECT images

Aliquots of 3.7 MBq of 9MTc-BBN7_14 or 99MTc-MDP were injected intravenously into
tumor-bearing mice (n = 3). After 1 hour, mice were anesthetized with a mixture of xylazine
(8 mgekg™1) and ketamine (80 mgekg™1), and then placed horizontally under the collimator
of a gamma camera (Mediso Medical Imaging System, Budapest, Hungary) employing a
low-energy high-resolution collimator. Images were acquired using a 256 x 256 x 16 matrix
size with a 20% energy window set at 140 KeV for a period of 300 s.

In vivo BLI images

In vivoimaging of bioluminescence for the evaluation of the tumor burden was performed
by the in vivoimaging system VIS (PerkinElmer, Waltham, MA, USA) on tumor-bearing
mice (n = 3). After general anesthesia with 1.5% isoflurane in 50/50 Oy/medical air mixture
with total flow rate of 1200 mlemin~1, each mouse was intraperitoneally injected with D-
Luciferin (150 mgekg™1). The acquisition time was defined by kinetics studies
(Supplementary Information). Imaging was performed before and 12 minutes post-injection,
using the following parameters: exposure time, 60 s; open emission filter; frame rate = 576
fps, f-number = 8 and field of view (FOV) = 13x13 cm. Tridimensional images were also
acquired using the diffuse light imaging tomography technique in order to determine the
exact position of the tumor (Supplementary Information).

Biodistribution studies

After 15 days of tumor growth, animals were intravenously injected with free DOX, SpHL-
DOX or SpHL-AL-DOX (15 mgekg ™1, n = 6 each group) and euthanized after 2 h (n = 3 per
treatment) or 8 h (n = 3 per treatment). Blood, liver, spleen, kidney, heart, right and left
tibias were collected for quantification of DOX by HPLC. Due to the low mass of tibia, the
quantification of DOX in the healthy bone (right tibia) was not possible, falling below the
detection limit. Blood was collected on heparinized tubes and centrifuged at 2000 x g for 10
min. To preserve DOX from degradation, all samples were stored at 20 °C until analysis.
Methodological details about the quantification are described in Supplementary Information.

Antitumor activity and toxicity evaluation

Starting 15 days after the implantation of tumor cells, mice were intravenously injected with
free DOX, SpHL-DOX or SpHL-AL-DOX (10 mg DOX per kg body weight, n = 8 for each
group). Mice were dosed weekly for four weeks. The tumor response to treatment was
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monitored by BLI every two weeks. For the toxicity evaluation, healthy animals were
divided in four groups and intravenously injected with a 10 mgekg™! DOX dose of either
free DOX, SpHL-DOX or SpHL-AL-DOX (n = 8 per group), or injected with NaCl 0.9%
(wev-1) vehicle solution (n =5 for this group). Animals were dosed weekly for up to four
weeks. Toxicity was monitored by CINE cardiac MRI images analysis. Kaplan-Meyer
survival curves were computed and compared by Mantel-Cox analyses. Parameters of
median survival, p-value and death risk ratio were calculated based on these survival curves.

CINE cardiac MRI

Cardiac magnetic resonance imaging (MRI) was performed on a 9.4-tesla MRI scanner
(Bruker Biospin, Billerica, MA, USA) with a custom-built transmit-receive surface coil
(elliptical shaped coil with major axis radius of 20 mm and minor axis radius of 15 mm)
placed over the anterior chest wall. Mice were positioned supine on a custom made mouse
cradle and anesthetized with 1.5% isoflurane in 50/50 O,/medical air mixture with total flow
rate of 1200 mlemin~1. A physiological monitoring system (SA Instruments Inc., Stony
Brook, NY, USA) was used to monitor the ECG, respiration and body temperature. Ungated
triplanar localizer images were acquired using a fast imaging with steady-state precession
(FISP) sequence. FISP image acquisition parameters consisted of TE/TR = 1.05/2.1 ms, 128
segments, scan TR = 8.17 ms, FA = 60°, NA = 1, FOV = 40x40 mm, matrix = 128x128,
slice thickness = 1 mm, 3 orthogonal slices. Next an ECG gated FISP sequence was used to
acquire short and long axis views of the left ventricle. Image acquisition parameters
consisted of TE/TR = 0.96/2.832 ms, 32 segments, scan TR = 19.18 ms, FA = 30°, NA =4,
FOV = 25x25 mm, matrix = 128x128, slice thickness = 1 mm, and 5 image slices. The gated
FISP images were then used to prescribe a series of ECG and respiratory gated short axis
fast low-angle shot (FLASH) CINE images that were acquired throughout the heart. FLASH
CINE acquisition parameters consisted of TE/TR=1.09/4.275 ms, FLASH TR = 10.9 ms, 20
images/RR interval, FA=25°, NA=4, FOV=25x25 mm, matrix=160x160.

The epicardial and endocardial borders were outlined in end diastolic and end systolic
frames using the free hand drawing function of ImageJ (Scion Corporation, Frederick, MD,
USA). All analyses were performed by the same reader (D.S.F). The number of voxels in
each compartment multiplied by the voxel size of 0.015 mm3 yielded the respective
volumes. Global end diastolic volume (EDV), end systolic volume (ESV), stroke volume
(SV = EDV - ESV), and ejection fraction (EF = SV/EDVx100) were calculated. The
endocardial diameter (ED) was also outlined in the medial slice at the end of diastole (DED)
and systole (SED) to determine the absolute fractional shortening (aFS = DED - SED) and
relative FS (FS = aFS/DEDx100).

RESULTS

Liposome preparation

The physicochemical characteristics of SpHL-AL-DOX and SpHL-DOX are summarized in
Table 1. The average diameter was close to 150 nm for both formulations. The low
polidispersity index (Pdl) vales are consistent with the presence of homogeneously dispersed
formulations. The zeta potential of the SpHL-AL-DOX formulation was slightly more
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negative than for SpHL-DOX. Similarly, the encapsulation efficacy was also increased for
SpHL-AL-DOX.

Characterization of the tumor model

Fifteen days post-tumor cell injection into the medullary cavity of the tibia of Balb-c nu/nu
female mice, animals were imaged using 9°™Tc-MDP SPECT, %MT¢-BBN7_14 SPECT and
BLI. 99MTc-MDP is a bone-seeking radiopharmaceutical that is used clinically to detect
metastases to the bone. 2°™Tc-BBN7_y4 is a bombesin derivative that targets the gastrin
releasing peptide (GRP) receptor expressed on many cancer cells including the MDA-
MB-231 cell line used here [13,14]. We also used a variant of the MDA-MB-231 cell line
that expresses luciferase. These cells could be directly imaged using bioluminescence after
administration of D-luciferin.

Figures 1A and 1B show scintigraphic images of a control and a tumor-bearing mouse,
respectively, acquired one hour after injection of 9MTc-MDP. The control mouse was
injected with a saline solution into the medullary cavity 15 days prior to imaging. There is
clearly a region of high tracer uptake in the tumor-bearing animal (arrow). Region of interest
analysis on the ipsilateral (tumor or saline injection site) and contralateral thigh, revealed an
ipsi:contralateral ratio of 0.9 + 0.2 for the control animals, which is consistent with the
absence of preferential accumulation of the 9*™Tc-MDP into the injection site and indicates
that there is no active inflammation process in the region. On the other hand the
ipsi:contralateral ratio in the tumor bearing mice was 1.5 £ 0.3. The GRP receptor-
targeting 99MTc-BBN7_14 probe also clearly delineated the tumor (Figure 1C) and localized
it to the joint. The ipsi:contralateral ratio for °™Tc-BBN;_14 was 2.1 + 0.5.

Presence of tumor was also confirmed by BLI with images acquired 12 minutes post-
injection of D-luciferin. The most intense signal was in the proximal region of the tibia
(Figure 1D-F). Also, tumor spread is observed toward the distal region of the tibia. After the
SPECT and BLI acquisitions, the animals were euthanized and the legs were collected for
histological analyses. Analyzing the proximal head of tumor-bearing tibia (Figure 1G, 1H)
neoplastic cells were observed to be arranged predominantly in a solid pattern, forming
large, slightly basophilic areas. The tumor growth was accompanied by reduction of
trabecular and spongeous bone, in consequence to the activation of bone turnover processes.
Histology also showed invasion of the tumor into the periosteal region and adjacent muscle.

Biodistribution studies

We next performed some biodistribution studies of the three formulations of DOX in the
tumor model to determine whether there was preferential uptake of the targeted liposomal
formulation. DOX content was quantified in each organ and calculated as %ID+g ™! of tissue
(Table 2). For the free DOX group, we observed a large uptake of DOX in the kidneys at 2 h
post-injection, while after 8 h the DOX level in the kidneys is reduced by a factor of six. The
reduction of kidney uptake is mirrored by complete elimination of DOX from the
bloodstream. It should be noted also that the uptake of free DOX into heart and tumor tissues
at 2 h was four times higher when compared to blood. Other organs showed a relatively
lower drug uptake at both time points.
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For the liposomal DOX, both formulations showed significant uptake by liver and spleen.
High renal excretion was also suggested by the decrease in kidney uptake with time. Other
organs evaluated showed significantly lower DOX uptake at both time points. The heart
uptake of DOX is significantly reduced (P = 0.028) for SpHL-AL-DOX at 2h-post injection
when compared to free drug. For SpHL-DOX, the average uptake of DOX in the heart was
reduced two-fold when compared to free DOX, but this result did not reach statistical
significance in the small sample size (P = 0.083, n = 3). At 8h-post injection the heart uptake
of both liposomal DOX formulations approaches zero. The liposomal formulations resulted
in higher blood concentrations compared to free DOX at 2 hours, In parallel, the uptake in
tumor area at 2 hours is increased for the SpHL-AL-DOX treatment relative to free DOX.
DOX was also retained in the tumor area for a longer period of time for the SpHL-AL-DOX
treatment group when compared to the others. The DOX concentration in the tumor area 8 h
post injection for the SpHL-AL-DOX-treated group was four times higher than for free
DOX and two times higher than for SpHL-DOX

Antitumor activity

On the basis of the positive biodistribution results, we next investigated whether the
liposomal formulations would be effective for reducing tumor growth in vivo. Animals were
divided into 4 groups and treated weekly with free DOX, SpHL-DOX, SpHL-AL-DOX, or
vehicle at a constant DOX doses of 10 mgekg~1. Tumor growth was quantified by BLI every
two weeks. Tumor volume was quantified by measuring the photon radiance (photon per
second per square centimeter per steradian) within a region of interest (ROI) drawn around
the tumor area. The ROIs were the same size for all animals at all time points. The results
were plotted as percentage of change in photon radiance compared to the images before
treatment began.

For the animals treated with both free and liposomal DOX, a reduction of tumor volume was
observed when compared to the vehicle-treated group. For the vehicle-treated control group,
the photon radiance increased from 6 times baseline at day 14 to 150 times at day 28,
indicating substantial tumor proliferation. The animals treated with the different DOX
formulations all showed a reduction in tumor volume over time. The most effective
formulation was SpHL-AL-DOX, which reduced tumor volume by 70% compared to
baseline. For free DOX, the reduction of photon radiance at day 28 was 35% of the baseline
image. SpHL-DOX presented an intermediate result.

Cardiotoxicity Evaluation

Given the favorable biodistribution profiles of both liposomal formulations with respect to
heart uptake, we anticipated that the cardiotoxicity of the liposomal formulations would be
lower than with free DOX. We used MRI to assess cardiac function in mice treated with the
three different DOX formulations and compared the cardiac function in these mice to that of
vehicle-treated mice. Mice were treated with a DOX formulation at a dose of 10emg kg~ or
with saline vehicle weekly for 4 weeks. Mice were imaged with cardiac MRI one week after
the last dose administration. After cardiac MRI, EDV, ejection fraction and fractional
shortening were determined for each animal and the results are represented in Figure 3.
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Vehicle-treated mice had an EDV of 8.5 + 2.1 mm?, an ejection fraction of 75.8 + 3.1 % and
fractional shortening of 59.4 £+ 2.8 %. Only 3 mice treated with free DOX survived out to the
imaging time point. Those mice had similar EDV (8.2 + 1.6 mm3, P = 0.734) significantly
lower ejection fraction (62.0 + 5.5 %, P = 0.0035) and fractional shortening (44.2 + 4.2, P =
0.0008) compared to the vehicle treated group. On the other hand, mice treated with either
liposomal formulation (SpHL-DOX or SpHL-AL-DOX) showed similar EDV (9.1 + 2.2
mm3, P = 0.641 for SpHL-DOX, 7.9 + 2.3 mm3, P = 0.543 for SpHL-AL-DOX), and
ejection fractions (73.8 + 4.8 %, P = 0.4564 for SpHL-DOX, 74.1 + 4.7 %, P = 0.4914 for
SpHL-AL-DOX) to the vehicle-treated control group. There was a small, but significant
reduction in fractional shortening for both liposomal formulations compared to the control
animals (53.1 £ 3.6 %, P = 0.015 for SpHL-DOX and 54.1 + 3.9 % for SpHL-AL-DOX, P =
0.024). Nonetheless, it was possible to observe a protection against the cardiotoxicity for
these groups when compared to animals treated with free-DOX.

Evaluation of mortality rate

We next evaluated the effect of the different DOX formulations on mortality in healthy or
tumor-bearing animals. We observed a higher mortality rate for animals treated with free
DOX when compared to animals treated with either SpHL-DOX or SpHL-AL-DOX for both
healthy and tumor-bearing animals (Figure 4). The median survival, death risk ratio and p-
values compared to the control group or to the SpHL-AL-DOX treated animals are presented
in Table 4. For healthy animals, there is a higher mortality rate for DOX, with a strong and
significant reduction in median survival and increased death risk ratio when compared to
both the SpHL-AL-DOX-treated animals and the control group. In the tumor-bearing
animals, we observed a similar mortality rate for free DOX and control animals, and both are
higher than the liposome-treated animals (SpHL-DOX or SpHL-AL-DOX).

On the other hand, the tumor-bearing animals treated with either SpHL-AL-DOX or SpHL-
DOX both showed a reduction in mortality rate when compared to both free DOX and the
control groups. For the healthy animals, again we observed a strongly reduced mortality rate
for the SpHL-AL-DOX treatment group when compared to the free DOX group with the
death risk ratio 11 times lower in the SpHL-AL-DOX treatment group. The mortality rate
was similar for the SpHL-AL-DOX treatment and the control groups. Comparing the two
liposomal formulations, we observed a 9-fold higher death risk for the SpHL-DOX treatment
group in healthy animals compared to the SpHL-AL-DOX treatment group.

DISCUSSION

Both of the formulations developed in this work presented suitable physicochemical
characteristics for application in /n vivo efficacy and toxicity studies. The average diameter
below 200 nm for both formulations has been shown to be suitable to increase tumor uptake,
while reducing DOX accumulation in healthy organs [15]. The negative zeta potentials
measured may result in increased physical stability of these formulations due to electrostatic
repulsion, reducing the risk of aggregation. SpHL-AL-DOX exhibited a more negative zeta
potential value, which could be related to the presence of the negatively charged
phosphonate groups on the liposomal surface at neutral pH [16]. The high encapsulation
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percentages allow application of a small intravenous volume of liposomal dispersion in order
to achieve a therapeutic dose. The highest encapsulation percentage was achieved with
SpHL-AL-DOX owing to the additional electrostatic interaction between the deprotonated
phosphonate groups and positively charged DOX.

In order to proceed to animal studies, we have developed a MDA-MB-231 cell line bone-
metastasis tumor model. The tumor-bearing animals were imaged by SPECT with the bone-
seeking probe 99MTc-MDP and the tumor-seeking probe %MTc-BBN7_14. As expected both
probes were able to identify the tumor with a higher ipsi:contralateral ratio for the 99™Tc-
BBN-_14 images. The larger effect observed with 9°MTc-BBN7_14 may be explained by
spreading of the tumor to the muscle adjacent to the tumor cell inoculation site. The growth
pattern of the tumor observed in this model is in agreement with that previously described in
literature [17]. These results were further confirmed by BLI which showed a higher
accumulation of the tumor in the areas composed mainly by spongeous bone, which is more
accessible for tumor cells to spread, associated to dissemination of tumor cells into the
medullary channel of the bone [18].

By biodistribution analyses, we have shown the rapid elimination of free DOX from the
bloodstream. Recent studies using this drug in a mammary tumor model in Balb C mice
showed a biphasic plasma half-life with a half-life of 4.5 min and a p half-life of 277.2 min
[19]. This pharmacokinetic behavior is consistent with our observed low concentration of
DOX in blood 2h-post injection and the negligible concentration after 8 hours. On the other
hand, the liposomes presented a longer circulation time and higher uptake in liver and spleen
[20]. Higher tumor uptake and reduced heart uptake was seen for the liposomal formulations
when compared to the free drug. These differences can be explained by two factors: (1)
because of the size of the liposomes, the DOX is less susceptible to uptake in healthy tissues,
such as myocardium; (2) encapsulation of DOX in long-circulating liposomes allow for this
drug to be retained for a long time in the bloodstream, enhancing its capacity of reaching the
tumor area and being taken up by the EPR effect [21]. Also, the higher tumor uptake for
SpHL-AL-DOX compared to SpHL-DOX can be explained by the presence of alendronate
on the liposomal surface, which allows for the interaction of this formulation with the local
bone matrix, with increased release of DOX in that area [22].

In antitumor activity studies the SpHL-AL-DOX formulation was more efficient for
inhibition of tumor growth than free DOX, while the SpHL-DOX presented an intermediate
result between the other two groups. These results indicate that both drug delivery
modifications, pH-sensitive liposome encapsulation and liposomal surface modification with
the alendronate bone-targeting vector, are important to achieve a higher antitumor activity.

A well-known limitation of DOX chemotherapy is cardiotoxicity. The mechanism for DOX-
induced cardiotoxicity is controversial, and several hypotheses have been proposed [23]. It
has been suggested that DOX induces an iron-mediated increase in reactive oxygen species
[24,25] that is especially damaging to mitochondria, which are present at high concentration
in areas with metabolic activity, such as the cardiac tissue [26,27]. Another hypothesis
centers on the capacity of DOX to interact with cardiolipin, an important phospholipid
related to electron-transport in the myocardium, reducing its activity and subsequently
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damaging the myocardium [27,28]. Both mechanisms would lead to the reduction of the
heart contractility. In our cardiotoxicity study we have proved this loss of contractility after
DOX treatment, consistent with results previously reported [29]. In contrast, for the
liposomal formulations, the cardiac parameters remained constant after the treatment,
proving the protective effect caused by the liposomal encapsulation of this drug.

The DOX toxicity was also reflected in a higher mortality rate for both healthy and tumor-
bearing animals. For the healthy animals, the higher mortality rate for free DOX can be
ascribed to its cardiotoxicity, as observed in the CINE cardiac MRI studies, as well as the
established renal toxicity of DOX [30], while for the tumor-bearing the higher mortality for
the free drug could be associated to two factors: (1) the high cardio- and renal toxicity of
DOX and (2) the inability of free DOX to completely suppress tumor growth. On the other
hand, the SpHL-AL-DOX group presented the lowest risk of mortality in both situations.
The improved survival can be explained by the increased antitumor activity of SpHL-AL-
DOX, which could reduce the death risk as a consequence of the cancer, and also by the
reduced cardiotoxicity as evidenced by the cardiac MRI studies. The intermediate
performance for SpHL-DOX may be related to its lower plasma stability, possibly due to
interaction with plasma proteins followed by DOX release, as shown in previous studies
from our group [12].

This work demonstrates that encapsulation of DOX in pH-sensitive liposomes can reduce the
toxic effects of this drug, leading to a longer life expectancy for bone tumor-bearing animals.
Addition of the bone-targeting ligand alendronate to the surface of these liposomes further
increased the specificity of this drug for the tumor, allowing for increased antitumor efficacy.
This higher specificity contributed to a lower cardiotoxicity resulting in increased survival
and a higher therapeutic index compared to free DOX. The SpHL-AL-DOX formulation is a
potential therapy for the treatment of bone tumors especially bone metastases.
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Figure 1.
Representative images of metastatic bone tumor development in mice. Scintigraphic images

acquired 1 h post-injection of 9°MTc-MDP of a healthy (A) and a tumor-bearing (B) mouse.
The arrow shows the tumor region. Presence of tumor was confirmed by scintigraphic
images 1 h post-injection of 99™Tc-BBN7_14 (C). Animals were also analyzed by optical
imaging (bioluminescence) in bidimensional (D) or tridimensional mode, compared to a
body surface (E) or skeletal model (F). Tumor cells were detected in the tibiofemural joint
and also spread into the tibial cavity. Histological analysis after of healthy (G) and tumor-
bearing tibia (H) using hematoxylin-eosin staining, magnification 10x. We observed intact
epithelium (1), muscle (2), bone trabeculae (3) and spongeous bone (4) in healthy tibia,
while for the tumor-bearing tibia the trabecular and spongeous bone are reduced being
partially replaced by tumor cells (5).
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Figure 2.
Representative images of bone tumor-bearing mice prior to and 4 weeks after treatment with

free or liposomal DOX at 10 mgekg™! (A). Quantification of variation in D-luciferin
radiance flow into the tumor region compared to the day 0 (B). Results are represented as
mean + standard deviation. Comparison of significant differences between groups at the
same time point (* = p < 0.05, *** = p < 0.001, one-way ANOVA followed by Tukey’s test).

Nanomedicine. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

dos Santos Ferreira et al.

DIASTOLE SYSTOLE

CONTROL
Ejection fraction (%)

55

SpHL-DOX

75 1

70

65 1

=

Control SpHL-DOX  SpHL-AL-DOX

DOX

65

60

SpHL-AL-DOX

55

50

0X

45

D
Fractional shortening (%)

40

- - -
m

35

Control SpHL-DOX  SpHL-AL-DOX

DOX

Figure 3.

Representative in vivo MR images of treated animal hearts at the end of diastole (left

Page 16

images) and systole (right images) showing the shortening of left ventricle volume (A).
Quantification of ejection fraction (B) and fractional shortening (C) for the animals treated
with free or liposomal DOX. Results are expressed as median and inter-quartile range for

control (n =5), SpHL-DOX (n = 5), SpHL-AL-DOX (n = 8), and DOX (n = 3) groups.

Comparisons for significant differences between the groups (* = p < 0.05, ** = p < 0.01)
used Kruskall-Wallis’ test followed by Dunns’ test).
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Figure 4.

Kaplan-Meier survival curves for tumor-bearing (A) or healthy (B) mice treated with free or
liposomal DOX at 10 mgekg 2. In B, control (n = 5) and SpHL-AL-DOX (n = 8) survival
curves were plotted together because no deaths were observed in these groups throughout
the time interval evaluated.
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Table 1

Physicochemical parameters for SpHL-DOX and SpHL-AL-DOX ™

Formulation Average diameter (nm) Pdl Zeta Potential (mV)  Encapsulation EfﬁcacyT
SpHL-DOX 143+ 11 0.09 £0.01 -6.8+1.2 72+3%

1.4 +0.1 mgemL™!
SpHL-AL-DOX 153+ 16 0.12 +0.02 _154+237% 97 +2 %%

1.9 +0.1 mgemL™?

*
Results are represented as mean + standard deviation (n = 3).

fEncapsuIation efficacy is represented as % of doxorubicin encapsulated in the liposomes and final concentration of DOX in the liposomal

dispersion (mg-mL_l).

’tindicates statistically significant difference between the SpHL-AL-DOX and SpHL-DOX (p < 0.05, t-test).
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Table 2

Biodistribution profile (presented as % injected dosesg™! of tissue) of free DOX, SpHL-DOX or SpHL-AL-
DOX after 2 or 8 hours post injection in tumor-bearing mice

Organ free DOX  SpHL-DOX SpHL-AL-DOX

2h
Liver 13+04 125+317 94+13"
Spleen  1.2£03 1144117 7.6+147
Kidney 102+237 524137 49+107
Heart 12+04 06+0.2 04+017
Tumor  0.8+0.3 14+03 1.7+047”
Plasma  03+01  gg+0.27 14027

8h
Liver ¥ 83%15 59+10
Spleen ¥ 12221 42+08
Kidney  1.6+0.3 31+097 21+06
Heart 0.1+0.05 3 0.1+0.04
Tumor  0.3+0.1 05+0.3 1.1+027
Plasma ¥ 02%01 03%0.1

*
The results are represented as mean + standard deviation (n = 3).
findicates significant difference between the liposomal formulations (SpHL-DOX or SpHL-AL-DOX) compared to free DOX (p < 0.05, t-test).

’tindicates values below the limit of quantification.
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