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Abstract
The development of treatment protocols that result in a complete response to chemotherapy has
been hampered by free drug toxicity and the low bioavailability of nano-formulated drugs. Here,
we explore the application of temperature-sensitive liposomes that have been formulated to
enhance stability in circulation. We formed a pH-sensitive complex between doxorubicin (Dox)
and copper (CuDox) in the core of lysolipid-containing temperature-sensitive liposomes (LTSLs).
The complex remains associated at neutral pH but dissociates to free Dox in lower pH
environments. The resulting CuDox-LTSLs were injected intravenously into a syngeneic murine
breast cancer model (6 mg Dox/kg body weight) and intravascular release of the drug was
triggered by ultrasound. The entire tumor was insonified for 5 min prior to drug administration
and 20 min post drug injection. A single-dose administration of CuDox-LTSLs combined with
insonation suppressed tumor growth. Moreover, after twice per week treatment over a period of 28
days, a complete response was achieved in which the NDL tumor cells and the tumor interstitium
could no longer be detected. All mice treated with ultrasound combined with CuDox-LTSLs
survived, and tumor was undetectable 8 months post treatment. Iron and copper-laden
macrophages were observed at early time points following treatment with this temperature
sensitive formulation. Systemic toxicity indicators, such as cardiac hypertrophy, leukopenia, and
weight and hair loss were not detected with CuDox-LTSLs after the 28-day therapy.
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1. Introduction
Incorporation of lysolipid in thermally-sensitive liposomal formulations facilitates rapid
release of the drug cargo under mild hyperthermia (40–42°C) [1–4]. The intravascular
release of small drug molecules and their subsequent diffusion into the tumor can enhance
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delivery, as compared with strategies that involve the extravasation of large drug carriers
such as liposomes through permeable tumor vasculature [5–10]. In addition, hyperthermia
augments chemotherapeutic efficacy by enhancing perfusion, extravasation, drug
penetration and increasing cell sensitization to the treatment [11–15]. However, the field of
stabilized, yet releasable, therapeutics is still in its infancy and the efficacy of this strategy is
not yet established [16, 17].

ThermoDox® (doxorubicin-loaded LTSLs) has reached phase III clinical trials for liver
cancer and phase II trials in breast cancer recurrence at the chest wall [18, 19]. Through the
incorporation of a lysolipid, ThermoDox® was designed to release doxorubicin within the
blood pool in response to mild hyperthermia or during extended circulation. Approximately
50% of the drug is released at 60 min post intravenous administration in the absence of
hyperthermia [17, 20, 21]. ThermoDox® has been prescribed with a single dose
administration at the maximum tolerated dose (MTD) of 50 mg/m2 [22, 23].

Here, we used a different approach, enhancing the circulation stability of the nanoparticles
to reduce systemic toxicity with the goal of achieving a nanoparticle that could be applied in
multiple administrations over a period of weeks. We previously reported that the formation
of a complex between doxorubicin and copper (II) in long-circulating liposomes reduces the
toxicity of a long-circulating liposomal formulation similar to Doxil® without affecting the
drug efficacy [24]. Small copper-doxorubicin (CuDox) crystals are formed at a neutral pH
and liberate free drug in low pH environments [25], whereas fibrous-bundle precipitates of
Dox, created by either pH or ammonium sulfate gradient loading methods, form in low pH
and dissociate to Dox in neutral pH environments [25–32]. The pH gradient that has been
the basis of loading in liposomes is subject to collapse in circulation and results in drug
leakage [26].

We demonstrated earlier that CuDox within long circulating liposomes retained the drug
longer in circulation and reduced toxicity [24]. As a mechanism for the reduced toxicity, we
hypothesized that formation of the copper-doxorubicin complex reduces the reactivity of
doxorubicin to available transition metals such as copper or iron, which otherwise would
result in the generation of reactive and harmful oxygen radicals [33, 34].

In order to enhance efficacy, we apply the CuDox concept to stabilize doxorubicin in
LTSLs. We loaded Dox in LTSLs containing 100 mM copper and an optimized
concentration of triethanolamine (TEA) at neutral pH to create a stable CuDox complex.
Ultrasound was employed to create real-time, controllable, focused hyperthermia [35, 36].
The resulting combination of CuDox-LTSLs and hyperthermia was tested with a high- and
multiple-dosing schedule in order to achieve complete tumor remission in an aggressive
mouse model of breast cancer. We demonstrate an enhanced drug pharmacokinetic profile
and treatment effectiveness with reduced treatment toxicity.

2. Materials and Methods
A detailed description of the experimental procedures is found in the Supplementary
Information.

2.1. Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (MPPC), 1-
stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC), and 1,2 distearoyl-sn-glycero-3-
phosphoethanolamine-N-Methoxy polyethyleneglycol-2000 (DSPE-PEG2k) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL). Copper (II) gluconate, triethanolamine
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(TEA), ammonium sulfate, and doxorubicin hydrochloride were from Sigma (St. Louis,
MO). The neu deletion (NDL) metastatic mammary carcinoma cell line was obtained from
the Alexander Borowsky Laboratory (UC Davis) [37, 38].

2.2. Copper liposome preparation, drug loading and in vitro evaluation
Temperature-sensitive liposomes (TSLs) without a lysolipid were composed of
DPPC:DSPC:DSPE-PEG2k:cholesterol (65:5:5:25, molar ratio). Lysolipid-containing
temperature-sensitive liposomes (LTSLs) were composed of DPPC:DSPE-PEG2k:MPPC
(86:4:10, molar ratio). Liposomes were prepared by the hydration method as described
previously [24, 39]. Briefly, the dried lipid was hydrated in 0.3 mL of either 250 mM
ammonium sulfate (AS) at pH 5.4 or 100 mM copper (II) gluconate including
triethanolamine at 540 mM (pH 8.4). The multi-lamellar lipid solution at a final
concentration of 50 mg/mL was extruded above the phase transition temperature of the lipid
mixture through a polycarbonate membrane with a pore diameter of 100 nm. To induce a
salt gradient across the liposomal membrane, ammonium sulfate-loaded or copper/TEA-
loaded liposomes were separated from non-encapsulated ammonium sulfate or copper/TEA
by passing the extruded liposomal suspension through a spin column of Sephadex G-75 (5 ×
1 cm, GE Healthcare, Biosciences, Piscataway, NJ) equilibrated with 20 mM HEPES/150
mM sodium chloride, pH 7.4 (HES) and saline (0.9% sodium chloride), respectively. The
liposomal diameters were ~100 nm (115 nm ± 18 nm) as measured using a NICOMP™ 380
ZLS submicron particle analyzer (Particle Sizing System Inc., Santa Barbara, CA). Lipid
concentration was measured using the Phospholipids C assay kit (Wako Chemicals USA,
Richmond, VA) according to manufacturer’s instructions.

Doxorubicin was added to ammonium sulfate-loaded (ASDox) or copper-loaded liposomes
at a drug-to-lipid ratio of 0.2:1 (wt:wt) and incubated at 37°C for 1.5 h. Doxorubicin-loaded
liposomes using the ammonium sulfate method were then separated from non-encapsulated
Dox using Sephadex G-75 spin columns equilibrated with HES, whereas liposomal copper-
doxorubicin with 100% loading efficiency was used without separation.

The efficacy of the liposomal formulations was first evaluated in vitro for either 50h of
continuous incubation or a 30 min incubation with drug on ice followed by two rinses and a
24h incubation in media in the absence of the drug

2.3. Experimental protocol
All animal experiments were conducted under a protocol approved by the University of
California, Davis, Animal Care and Use Committee (IACUC). In efficacy studies, a total of
46 NDL-tumor bearing mice were studied among which 23 mice were implanted with
bilateral tumors and 23 mice with unilateral tumors for a survival study. Mice were
randomized among several groups including drug treatment with ultrasound, ultrasound
only, drug treatment only and no treatment. Mice bearing uni- or bilateral NDL tumors of ~4
mm (≥30 mm3) in longitudinal diameter were injected intravenously with liposomal
doxorubicin (~6 mg Dox/kg body weight and ~30 mg lipid/kg body weight) twice a week
with a total Dox injected dose of 267 mg/m2 over 4 weeks and compared to the control
animals that received saline. For animals in the drug treatment with ultrasound and
ultrasound-only groups, one tumor per animal was insonified for 5 min at 42°C prior to
administration of drug and saline, respectively; the tumor insonation was continued for an
additional 20 min at 42°C post injection. A custom dual-mode linear array transducer
coupled with a conventional ultrasound scanner (Sonoline Antares, Siemens Medical
Systems, Inc., Issaquah, WA) was used for generating mild hyperthermia in the tumor
regions of interest. The ultrasound pulses consisted of 100-cycle bursts at 1.54 MHz center

Kheirolomoom et al. Page 3

J Control Release. Author manuscript; available in PMC 2014 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



frequency and 1.1 MPa peak negative pressure, with a variable pulse-repetition frequency
(PRF) ranging from 100 Hz up to 5 kHz.

2.4. In vivo multi-spectral fluorescence imaging
Mice (n=102) with and without NDL tumors were imaged in vivo and ex-vivo with
hyperspectral optical techniques to assess the blood pharmacokinetics and to quantify drug
release and accumulation of free and liposomal doxorubicin (each 6 mg/kg, including the
liposomal formulations as above).

3. Results
3.1. In vitro protocol development

Cytotoxicity of the stabilized liposomal copper-doxorubicin in TSLs and LTSLs was tested
via an MTT assay in vitro in NDL cells with and without heat-triggered release and
compared with ASDox-LTSLs and free drug. CuDox-LTSLs and ASDox-LTSLs incubated
with NDLs at a Dox concentration of 20 μg/mL media for 50 h at 37°C produced more than
95% cell death, similar to free drug (Figure 1a). Cell viability assays were also performed
under conditions that reduced cellular particle uptake by incubating cells at 4°C for 30 min
in the presence of drug followed by 24 h incubation at 37°C in the absence of drug. Under
these conditions, liposomal copper-doxorubicin, CuDox-LTSLs, and ASDox-LTSLs,
activated by heat (42°C for 15 min) prior to the addition of the drug to the cells, exerted
similar levels of cytotoxicity compared to free drug (Figure 1b).

The timing of the application of heat relative to drug administration was then optimized in
vitro using NDL cells. Pre-heating cells at 42°C for 5 min prior to addition of drug resulted
in a 1.5- and 1.3-fold increase in nuclear accumulation of doxorubicin after 5 h and 24 h,
respectively (Figure 1c, p<0.01), and consequently a 1.4-fold increase in drug cytotoxicity
compared to non-heated control cells (Figure 1d, p<0.001). Pre-heating of NDL cells at
42°C for 5 min had no effect on cell viability in the absence of drug, but significantly
sensitized cells to doxorubicin (Figure 1d, p<0.001). Based on this result, we applied 42°C
hyperthermia to NDL tumors for 5 min prior to drug injection in subsequent studies.

3.2. Doxorubicin loading and stability
Previously we reported that doxorubicin loading into cholesterol-containing long circulating
liposomes (LCLs) was dependent on both intraliposomal concentrations of copper (II)
gluconate and triethanolamine. For long circulating liposomes, a copper gluconate
concentration of 100 mM reached 100% loading at 270 mM TEA (pH 7.4) with a drug/lipid
ratio of 0.2 mg/mg following overnight incubation at 37 °C. For LTSLs, the application of
100 mM copper gluconate and 270 mM TEA (pH 7.4) loaded 0.2 mg doxorubicin per mg
lipid in 90 min at 37 °C (Figure 2a). However, we tested the resulting CuDox-LTSLs in vivo
(data not shown) and found that higher concentrations of TEA (≥540 mM) and a higher pH
during loading are required to enhance drug retention in circulation. Therefore, for MPPC-
containing liposomes, intraliposomal concentrations of 100 mM copper gluconate and 540
mM TEA at pH 8.4 were used for all in vivo and in vitro studies. In contrast, drug loading in
LTSLs using the ammonium sulfate gradient was limited to 50% when using HES (pH 7.4)
and 30% in saline (Figure 2a).

The release of CuDox from LTSLs was first evaluated in vitro in HES buffer (pH 7.4) and
mouse serum. When diluted 100-fold, the fluorescence intensity of doxorubicin remained
quenched in both ASDox-LTSLs and CuDox-LTSLs, as compared to the fluorescence of
free drug. Disintegration of the liposomes using Triton X-100 in 30 mM EDTA resulted in
nearly 100% release of doxorubicin from ASDox-LTSLs; however, the fluorescence of
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CuDox-LTSLs remained quenched (Figure 2b). The doxorubicin fluorescence was restored
by lowering the pH which dissociated copper and doxorubicin, resulting in more than 90%
release of the drug. The results demonstrate that the copper-doxorubicin complex remains
associated post release at neutral pH in the presence of EDTA, but dissociates in low pH
environments. Similar results were obtained for both formulations when incubated in mouse
serum (data not shown). Activation of the liposomes by heat was then studied in vitro at
42°C in the absence of Triton X-100 in 20 mM citrate-buffered saline, pH 4.0. The release
of doxorubicin was quantified as 100% and 83% from ASDox-LTSLs and CuDox-LTSLs
after 10 min incubation at 42°C, respectively (Figure 2c), and 100% for both formulations
when incubated under the same conditions in mouse serum (data not shown).

A preliminary in vitro study of intracellular trafficking was also conducted in NDL cells
(data not shown). We observed that the fluorescence of the copper-doxorubicin complex was
restored after the complex entered lysosomes during intracellular trafficking (data not
shown).

3.3. CuDox-LTSLs are far more stable in circulation than ASDox-LTSLs
The fluorescence of doxorubicin in plasma isolated from mouse blood immediately after the
administration of CuDox-LTSLs remained quenched (Figure 3a). In the isolated plasma,
digestion of the circulating intact liposomes by Triton X-100 at 37 °C for 30 min did not
change the fluorescence intensity. However, the fluorescence was fully restored by reducing
the pH to 4, confirming our previous in vitro observation that drug is released as a stable
CuDox complex in blood and liberation of free drug occurs in response to reduced pH
values (Figure 3a). The fluorescence of CuDox in MPPC-containing liposomes was
unchanged over the first 45 min (Figure 3b) and decreased to 40% and 20% of the initial
value at 2 h and 6 h, respectively (Supplementary Figure 1). In contrast, the fluorescence
decreased to ~10% of the initial value in blood isolated 45 min post administration of
ASDox-LTSLs (Figure 3b).

We assessed the systemic stability of drug in ASDox-LTSLs and CuDox-LTSLs post tail
vein injection in mice bearing bilateral NDL tumors. One tumor was insonified bringing the
local temperature to 42 °C for 20 min. Saline-perfused hearts were imaged immediately after
tumor insonation (Figure 3c). The magnitude of the cardiac Dox fluorescence intensity for
mice treated with ASDox-LTSLs was similar to those treated with free Dox and 5-fold
higher than those of CuDox-LTSLs (Figure 3d).

3.4. Doxorubicin fluorescence validates delivery
Hyperspectral optical imaging validated the increased delivery of doxorubicin to the CuDox-
LTSL injected and insonified tumors (Figure 4). Doxorubicin fluorescence was greater in
the tumors treated with CuDox-LTSL and 20 minutes of US, as compared with mice treated
with CuDox-LTSL or saline without ultrasound (Figure 4a). For CuDox-LTSLs,
doxorubicin fluorescence in the insonified tumors was 3-fold higher in the insonified tumors
as compared with the contralateral, and the fluorescence in the heart was low (Figure 4b). a
30 min incubation with drug on ice followed by two rinses and a 24h after incubation in
media in the absence of the drug

We then studied the effect of 20 or 40 minutes of post-injection insonation on drug delivery
to the insonified tumor and drug accumulation in the heart. Increasing the duration of
ultrasound from 20 min to 40 min resulted in a 1.7-fold increase in the fluorescence signal in
insonified tumors without a significant increase in contralateral tumors (Figure 4c). Dox
fluorescence in the heart increased slightly with the increase in the time of insonation but
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remained lower than that observed in mice injected with ASDox-LTSLs (Figures 4b, 4c, 3c,
3d).

3.5. Systemic toxicity of CuDox-LTSLs
We then evaluated systemic toxicity resulting from multiple administrations of CuDox-
LTSLs over a 28-day course of therapy. Thirty-four mice with unilateral tumors were
randomly distributed among three treatment groups of “drug+US”, “drug only”, and
“control” where treatment was repeated twice a week for 28 days. All animals showed a
similar pattern of weight gain in the 1st week of treatment (Figure 5a); however, in the 2nd

and later weeks of treatment the “drug +US” and “drug only” treated groups did not
continue to gain weight. By the end of the 4-week therapy, the net weight gain was 0%, 5%
and 15% for “drug+US” (p<0.05), “drug only”, and “control” mice, respectively. After the
termination of therapy, mice in the “drug+US” and “drug only” groups gained weight and
“drug+US” mice remain healthy 8 months following the conclusion of treatment.

After the 28-day therapy, the white blood cell counts for mice treated with CuDox-LTSLs
and control mice were similar, but red blood cell counts for mice treated with CuDox-LTSLs
(2.7±0.7 M/μL) were lower than for control mice (6.2±0.4 M/μL) (Figure 5b). Differential
white blood cell counts were within the normal range for both CuDox-LTSLs-treated and
control mice (data not shown). Circulating albumin and total protein were similar in CuDox-
LTSLs-treated and control mice (Figure 5c) as were the levels of other types of blood
proteins (data not shown).

Hypertrophy of heart, liver, and kidneys was not observed after 28 days of treatment with
CuDox-LTSLs+US (Figure 5d). Dox fluorescence of organs and tissues dissected at the end
of the 28-day therapy (four days after the last administration of CuDox-LTSLs and tumor
insonation (25th day of treatment)) showed drug accumulation in tumors and organs
associated with clearance, such as the spleen, liver and kidneys, but not in the heart and skin
(Supplementary Figure 2).

3.6. In vivo efficacy of combination of CuDox-LTSLs and mild hyperthermia
We assessed the efficacy of CuDox-LTSLs combined with local hyperthermia to treat NDL
tumors transplanted in mice uni- or bilaterally (n=40) with eight administrations of CuDox-
LTSLs over 4 weeks. Control mice survived 16 days and tumor insonation in the absence of
drug did not affect tumor growth rate (Figure 6a). Tumor growth was suppressed in mice
treated with CuDox-LTSLs, extending survival to 28 days. However, the effect was further
enhanced when the drug was combined with ultrasound (5 minutes before and 20 minutes
after drug injection at 42 °C). In this group, at the 28 day time point, tumor volume had on
average slightly increased with complete tumor regression in a subset of animals. The
remaining tumors continued to regress and disappeared within a week after termination of
the therapy, resulting in 100% complete regression (Figure 6a, Supplementary Figure 3).
Over the period of 8 months since treatment, tumor regrowth and recurrence were not
observed in mice that received a total of eight administrations of CuDox-LTSLs combined
with ultrasound (Figure 6b).

3.7. Histology confirmed the treatment efficacy
Figure 7a compares the histological sections of tumors obtained from mice with bilateral
NDL tumors and euthanized either after 16 days or at the end of the 28-day treatment.
Tumors from the control mice that survived 16 days showed tightly packed and viable
cancer cells similar to tumors treated with CuDox-LTSLs after 28 days of treatment.
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In contrast, tumors from the mice treated with CuDox-LTSLs combined with US-mediated
hyperthermia were much smaller than measured with ultrasound and revealed distinct
morphologies. CuDox-LTSL+US treatment for 16 days resulted in significant regression of
the insonified tumor with a small volume of viable and apoptotic tumor cells remaining
(Figure 7a-i). Continuation of treatment for the entire 28 days resulted in complete
elimination of both the tumor and interstitium in some mice (Figure 7a-ii) or a small rim of
seemingly viable tumor (Figures 7a-iii, 7a-iv).

Further, in the early stage of treatment, a magnified section of a closely packed tumor (6.897
mm in length) showed the presence of extravascular red blood cells (Figure 7b-i, red in
color) along with released hemoglobin (pink), accompanied by macrophage-like cell
populations containing brown pigment and seemingly associated with tumor cells (Figure
7b-ii). By repeating the treatment for 2 weeks, the outline of the tumor was reduced to 2.5
mm and the tumor contained only a few regions of viable tumor cells (Figure 7b-iii). By the
end of the 4-week therapy, the tumor boundary had either disappeared or was filled with
cell-lysate fluid and few or no viable tumor cells (Figure 7b-iii). Mouse macrophages were
identified with anti-F4/80 (Figure 7b-v). Further staining of the histologic section with
Prussian blue demonstrated abundant iron pigment in the macrophage cytoplasm, identifying
them as hemosiderin-laden macrophages (Figure 7b-vi). These hemosiderin-laden
macrophages stained with rhodanine also demonstrated a considerable deposition of copper
(Figure 7b-iv). Hemosiderin-laden macrophages were not observed in our previous work
with long circulating CuDox liposomes combined with ultrasound [24].

4. Discussion
To our knowledge, we show here for the first time the complete regression of a highly
proliferative cancerous tumor via a uniquely-stabilized CuDox-LTSLs+US treatment
strategy. A 4-week therapy was designed with twice per week intravenous administration of
CuDox-LTSLs, combined with an ultrasound strategy that created a temperature of 42°C for
5 min prior to and 20 min post drug injection. Doxorubicin was encapsulated in lysolipid-
containing liposomes with a lipid formulation developed by Mills and Needham [40], where
the major difference in the liposomal particle applied here resulted from the copper-
doxorubicin crystal with the enhanced drug stabilization. The LTSL formulations can
release drug contents at high rates upon heating at ~40.5°C and ~41.3°C by incorporation of
10 mol% of MPPC or MSPC, respectively.

Comparing histological sections of tumors after two or four weeks of CuDox-LTSLs+US
therapy confirms the efficacy and highlights the importance of multiple treatments to
eliminate rapidly growing cancerous tumors. The first dose of CuDox-LTSLs, when
combined with US, suppressed tumor growth significantly compared to those in the CuDox-
LTSLs and the control groups, but did not eliminate tumors. Repeating the treatment twice a
week effectively regressed tumors in the CuDox-LTSLs+US group to 30% of the initial
average volume after 28 days. Upon termination of the treatment, the treated tumors in the
CuDox-LTSLs+US group continued to regress without treatment and completely
disappeared 53 days post treatment, without recurrence for 8 months post treatment. Neither
hyperthermia alone nor CuDox-LTSLs alone produced a complete response.

The small numbers of tumor cells remaining at the tumor margin after the 4-week therapy
could reflect the ultrasonic half-power beam profile which is slightly less than the tumor
area in cross section; the beam profile will be increased in future work. Interestingly, the
remaining tumor fractions resolved over time without further treatment.

Along with the finding that the repeated treatment eliminated all viable tumors, we were
surprised to find that within 4 weeks after the conclusion of treatment (and 8 weeks from the
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start of treatment) the tumor interstitium also could no longer be detected. Earlier in
treatment, we observed hemorrhage and the presence of hemosiderin-laden and copper-laden
macrophages. In our previous studies of free doxorubicin and combinations of ultrasound
and CuDox in long circulating liposomes, we have never observed the metal-laden
macrophages within the tumor; however, this study differs in that the drug is released within
the hyperthermic tumor vasculature. Based on these observations, we hypothesize that drug
release from CuDox-LTSLs within the heated tumor vasculature triggers an endothelial cell
injury, which in turn enhances hemorrhage. Persistent erythrocyte extravasation results in
phagocytosis of debris by hemosiderin-laden macrophages. Sindrilaru et al. have recently
shown that with iron-overloading due to continuing erythrocyte extravasation and leukocyte
trapping in tissue, an unrestrained proinflammatory M1 macrophage population may occur
[41]. The M1 macrophage population, particularly in the presence of copper [II], has the
potential to release high concentrations of TNF-α and hydroxyl radicals, which lead to
enhanced DNA damage and tissue breakdown. The role of this copper and iron-induced
macrophage population in the mechanisms underlying the anti-tumor response merits further
investigation.

With the incorporation of lysolipids, the onset of release of drug occurs more rapidly at
~38°C for MPPC and ~39°C for MSPC than for DPPC:DSPE-PEG2k liposomes, resulting
in low drug retention and high systemic toxicity. Despite the lower stability of MPPC at
body temperature in LTSLs compared to MSPC (the lysolipid currently used in
ThermoDox®), we chose to use MPPC in our liposomal formulation. Our rationale was that
the lower melting temperature of MPPC would allow the mouse body temperature to be
more readily maintained at 37 °C during tumor heating with ultrasound, which is highly
technically challenging in small animal models. Furthermore, in a clinical setting, low-
temperature hyperthermia (40–42 °C) is preferred in order to reduce side effects and
facilitate a longer treatment that could enhance delivery [42].

Drug loading was maximized with a combination of 0.2 mg Dox/mg lipid with 100 mM
copper and 270 mM TEA. Loading was 2-fold higher using the copper doxorubicin
formulation as compared with the ammonium sulfate loading method. The copper-
doxorubicin complex was previously confirmed by electron microscopy to form diffuse dots
uniformly distributed in the core of liposomes, as opposed to the needle-like crystals
doxorubicin forms in the absence of copper [24]. The resulting CuDox-LTSLs were
responsive to heat similar to ASDox-LTSLs, but released drug in the form of the copper-
Dox complex instead of free Dox in a neutral pH buffer. The complex remained associated
even in the presence of EDTA, a metal chelator. Doxorubicin was freed from copper in a
low pH environment and thus, fluorescence was restored.

Multispectral in vivo imaging allowed us to track drug delivery in tumors and organ/tissue
accumulation using doxorubicin fluorescence. Liposomal copper-doxorubicin retained drug
longer in circulation compared to ASDox-liposomes: 100% Dox in circulation compared to
less than 10% Dox in circulation after 45 min, respectively. The systemic release of
doxorubicin is a factor in acute cardiotoxicity, the primary dose-limiting toxicity reported
for this drug[43]. The in vivo and ex vivo images acquired post administration of free or
liposomal doxorubicin followed by insonation of one tumor per animal verified efficient
drug delivery in insonified tumors compared to control tumors for both ASDox and CuDox
liposomes. Further, accumulation of doxorubicin in the heart was significantly higher for
ASDox-liposomes (similar to free drug) as compared to that of CuDox-liposomes.

We measured blood transit time in NDL tumors using microbubble contrast agents and
ultrasound contrast imaging and found that the average time interval for a circulating
microbubble to travel through a 5 mm NDL tumor is 10 seconds (data not shown). From
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Positron Emission Tomography (PET) data, the vascular volume of NDL tumors is
estimated to be ~ 0.05 mL/g-tumor [44]. Assuming a 1.5-mL blood volume for a 20-g
mouse and ~50% drug release during each 10-second passage of blood in the insonified
tumor, we estimate that the tumor blood volume is refreshed 120 times during the 20 minute
treatment. Thus, a 0.75 mL blood volume was exposed to heat and a minimum of 30 μg of
doxorubicin released into the tumor (25% injected dose).

We monitored toxicity of liposomal CuDox in mice over the course of a 28-day therapy with
twice-a-week administration of liposomal CuDox at 6mg Dox/kg animal body combined
with insonation of one tumor. Animal weight loss, fur loss, and skin rash were not observed
for mice treated with CuDox-LTSLs+US after 28-days of treatment compared to control
mice, whereas these symptoms were previously observed for long circulating liposomes
using ammonium sulfate loading [24]. The complete blood cell count at the end of therapy
did not show leukopenia, but did show anemia for CuDox-LTSLs+US compared to control
mice. The circulating albumin and total proteins were not altered by CuDox-LTSLs+US
treatment. Organ hypertrophy was not detected for the treated animals. and accumulation
was not significantly increased in the heart and skin compared to control (saline-injected)
mice.

5. Conclusions
We loaded a stable copper-doxorubicin complex within LTSLs, rather than free drug alone,
and demonstrated improved pharmacokinetics and reduced systemic toxicity. With minimal
toxicity, we created an efficacious therapy through repeated drug administration over a
multi-week regimen, combined with whole-tumor ultrasound-mediated hyperthermia to
trigger intravascular release of drug. A complete response to the treatment was obtained in
aggressive murine breast tumors and all mice have remained tumor free 8 months post
treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro cytotoxicity of CuDox-LTSLs and the heat-drug sequencing
a–b) Number of viable NDL cells treated with free (FD) or liposomal doxorubicin in TSLs
(CuDox) and LTSLs (ASDox, CuDox) at 20 μg Dox/mL media for a) 50h under continuous
incubation and b) a 30 min incubation with drug on ice followed by a rinse and a 24h
incubation in media in the absence of the drug. H-FD, H-ASDox-LTSLs, and H-CuDox-
LTSLs represent free (FD) and liposomal drug in LTSLs (ASDox, CuDox) heated prior to
incubation with cells. c) Doxorubicin fluorescence in the nucleus at 5 h and 24 h. d) Number
of live cells at 24 h after an initial incubation of preheated (5 min at 42°C) or non-heated
NDL cells with and without the addition of 20 μg Dox/mL media for 30 min followed by
rinsing in media and incubation in media in the absence of doxorubicin. Statistical analyses
were performed using one-way ANOVA followed by the Tukey Post Hoc test (b) and
Student’s t-test (a, c, d). **p < 0.01, ***p<0.001.
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Figure 2. Doxorubicin loading and stability in LTSLs
a) Loading efficiency of Dox in ASDox-LTSLs and CuDox-LTSLs. Doxorubicin was
incubated with LTSLs at Dox:lipid, 0.2:1 wt/wt. ASDox-LTSLs were incubated in 20 mM
HEPES/150 mM sodium chloride at pH 7.4. CuDox-LTSLs were incubated in 100 mM
copper gluconate and 540 mM TEA at pH 8.4. b) Doxorubicin fluorescence after 30 min
incubation of free Dox, ASDox-LTSLs, or CuDox-LTSLs with: 20 mM HEPES/150 mM
sodium chloride at pH 7.4 and room temperature (NT), 0.25% Triton X-100 in 20 mM
HEPES/150 mM sodium chloride at pH 7.4 and 42 °C (TX, pH 7.4) or 20 mM citrate buffer/
150 mM sodium chloride at pH 4.0 and 42 °C (TX, pH 4.0). c) Doxorubicin fluorescence of
free Dox, ASDox-LTSLs, and CuDox-LTSLs in three studies: 1) at pH 7.4 and room
temperature (NT), 2) 10 min incubation at 42 °C at pH 4.0 in the absence of Triton X-100
(42 °C), or 3) 30 min incubation with 0.25% Triton X-100 at 42 °C and pH 4.0 (TX). Each
is shown as a percentage of the fluorescence measured with 0.25% Triton X-100 at pH 4.0.
Statistical analyses were performed using Student’s t-test (a) and one-way ANOVA
followed by the Tukey Post Hoc test (b, c). *p < 0.05, **p < 0.01, ***p<0.001.
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Figure 3. Blood stability of CuDox-LTSLs
a) Dox fluorescence in plasma isolated from mice at 0, 0.5, 2 and 6 h post injection of
CuDox-LTSLs and incubated for 30 min with either 20 mM HEPES/150 mM sodium
chloride at pH 7.4 and room temperature (NT), 0.25% Triton X-100 in 20 mM HEPES/150
mM sodium chloride, pH 7.4, at 37 °C (TX, pH 7.4), or 20 mM citrate buffer/150 mM
sodium chloride, pH 4.0, at 42 °C (TX, pH 4.0). Green indicates Dox fluorescence. b) Dox
fluorescence intensity in plasma isolated from mouse blood after 15 sec and 45 min post
injection of either ASDox-LTSLs or CuDox-LTSLs at a Dox concentration of 6 mg/kg body
weight. c) Ex-vivo images of the heart and tumors of a mouse treated with ASDox-LTSLs
combined with insonation of the left tumor at 42 °C for 20 min post drug injection. Images
were acquired immediately after ultrasound and ~30 min post drug administration and are
presented as an unmixed composite (i) of doxorubicin fluorescence in green and background
in purple and (ii) as the Dox spectrum alone showing Dox fluorescence intensity (white
indicates higher fluorescence intensity). d) Dox accumulation in the mouse heart quantified
30 min post administration of free Dox, ASDox-LTSLs, CuDox-LTSLs, and CuDox-TSLs.
Statistical analyses were performed using Student’s t-test (b) and one-way ANOVA
followed by the Tukey Post Hoc test (d). *p < 0.05, **p < 0.01, ***p<0.001.
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Figure 4. Dox fluorescence in tumors as a validation of triggered release of drug by ultrasound-
mediated hyperthermia
a–b) Hyperspectral optical imaging presented as both unmixed composite (left panels) of
Dox fluorescence (green) and background (purple) and in Dox spectrum (right panels) with
white indicating Dox fluorescence intensity (white indicates higher fluorescent intensity). a)
In vivo images of NDL tumor-bearing mice injected with CuDox-LTSLs combined with
insonation of right tumor at 42 °C for 5 min prior to and 20 min after injection (left) and
without insonation (middle) and the control mouse injected with saline (right). Image was
acquired ~30 min after injection, b) Ex-vivo images of the heart and tumors of a mouse
treated with CuDox-LTSLs combined with insonation of one tumor (left) at 42 °C for 5 min
prior to and either 40 min (i) or 20 min (ii) post injection. Images were acquired
immediately after ultrasound and ~30 min post drug administration. c) Dox accumulation in
mouse heart and tumors quantified after ~30 min post injection of CuDox-LTSLs. Dox was
administrated at a concentration of 6 mg/kg body weight. Statistical analyses were
performed using one-way ANOVA followed by the Tukey Post Hoc test. ***p<0.001.
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Figure 5. Toxicity of CuDox-LTSLs assessed over 28-day administration of 6 mg/kg (33.4 mg/
m2) twice per week (total of 266.7 mg/m2)
a) Weight change of NDL tumor bearing mice treated with CuDox-LTSLs with tumor
insonation at 42 °C for 5 min prior to and 20 min post injection (CuDox-LTSLs+US),
CuDox-LTSLs without ultrasound (CuDox-LTSLs) or saline injection (control) for 28 days.
For b–d all tests involve CuDox-LTSLs+US or saline injection. b) White and red blood cell
counts, c) protein (albumin and total protein) measurement, and d) organ weights. Statistical
analyses were performed by Student’s t-test. *p<0.05, ***p<0.001.
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Figure 6. In vivo treatment efficiency including ultrasound (US), and CuDox-LTSLs with and
without US in NDL tumor mice
a) Tumor growth as a function of days post-treatment over 28-day treatment cycle presented
as percent tumor growth. Initial tumor diameter was ~4 mm. Each mouse was injected
intravenously with either saline or liposomal doxorubicin (~6 mg doxorubicin/kg body
weight equivalent to ~33 mg/m2) and compared to control animals that received iv injection
of saline. For treatment with ultrasound-mediated hyperthermia, one tumor per animal was
insonified at 42°C for 5 min prior to and 20 min post-injection. b) Kaplan-Meier survival
plot. Statistical analyses were performed using one-way ANOVA followed by the Tukey
Post Hoc test. *p<0.05 and ***p<0.001.
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Figure 7. Histology of tumors treated with CuDox-LTSLs
a) H&E of NDL tumors treated with CuDox-LTSLs with and without ultrasound post 16 (i,
upper and middle images) and 28 days of treatment (ii-iv upper and middles images)
compared to control at 16 days post intravenous injection of saline (i, lower image). For
treatment CuDox-LTSLs combined with ultrasound, tumors were insonified at 42°C for 5
min prior to and 20 min post injection. b) H&E images of the whole tumor sections (upper
panels) and the magnified views enclosed by black boxes (middle panels) post drug release
by US at the early (i), middle (ii), and end of the 28-day therapy (iii). Additional sections of
tumor (ii) were stained with rhodanine (iv), anti-mouse F4/80 (v), and Prussian blue (vi) to
identify copper, macrophages, and iron, respectively. The scale bars correspond to 1 mm (a
and upper panels of b) and 100 μm (middle and lower panels of b).
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