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Abstract
The abnormal tumor vasculature and the resulting abnormal microenvironment are major barriers to
optimal chemotherapeutic drug delivery. It is well known that ultrasound (US) can increase the
permeability of the tumor vessel walls and enhance the accumulation of anticancer agents.
Reconstituted high-density lipoproteins (rHDL) nanoparticles (NPs) allow selective delivery of
anticancer agents to tumor cells via their overexpressed scavenger receptor type B1 (SR-B1) receptor.
The goal of this study is to investigate the potential of noninvasive US therapy to further improve
delivery and tumor uptake of the payload from rHDL NPs, preloaded with an infrared dye (IR-780),
aimed to establish a surrogate chemotherapeutic model with optical localization. Athymic nude mice
were implanted orthotopically with one million breast cancer cells (MDA-MB-231/Luc). Three weeks
later, animals were divided into seven groups with comparable mean tumor size: control, low,
moderate, and high concentration of rHDL NPs alone groups, as well as these three levels of rHDL NPs
plus US therapy groups (N = 7 to 12 animals per group), where low, moderate and high denote 5, 10,
and 50 µg of the IR-780 dye payload per rHDL NP injection, respectively. The US therapy system
included a single element focused transducer connected in series with a function generator and power
amplifier. A custom 3D printed cone with an acoustically transparent aperture and filled with degassed
water allowed delivery of focused US energy to the tumor tissue. US exposure involved a pulsed
sequence applied for a duration of 5 min. Each animal in the US therapy groups received a slow bolus
co-injection of MB contrast agent and rHDL NPs. Animals were imaged using a whole-body optical
system to quantify intratumoral rHDL NP accumulation at baseline and again at 1 min, 30 min, 24 h, and
48 h. At 48 h, all animals were euthanized and tumors were excised for ex vivo analysis. We investigated
a noninvasive optical imaging method for monitoring the effects of US-stimulated drug delivery of IR-780
dye-loaded rHDL NPs in living animals. No change in optical imaging data was found in the control
animals. However, there was considerable dye accumulation (surrogate drug) within 48 h in the low (5
µg), moderate (10 µg), and high (50 µg) rHDL NP concentration-dosed group animals (p < 0.09). With
US therapy added to the experimental protocol, there was an additional and significant increase in local
tumor drug uptake at 48 h (p < 0.02). Optical image data collected from ex vivo tumor samples
confirmed tumor retention of the IR-780 dye-loaded rHDL NPs and correlated positively with in vivo
optical imaging results (R2 > 0.69, p < 0.003). IR-780 dye extraction from the tumor tissue samples
confirmed the in vivo and ex vivo US therapy findings. Overall, the addition of US therapy considerably
improved local rHDL NP accumulation in tumor tissue. This study concludes that US-mediated drug
delivery can facilitate tumor uptake of rHDL NPs and more research is warranted to optimize the drug
dosing schedule and the respective therapeutic protocols.
Key words: cancer, drug delivery, microbubble contrast agents, nanoparticles, ultrasound.
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Introduction
Physiological barriers in cancerous tissue can
limit
the
effective
systemic
delivery
of
chemotherapeutic drugs. While the tumor vasculature
is known to be leaky, vascular permeability of these
tumors exhibit spatial and temporal heterogeneity (1)
thus, limiting the therapeutic response via the
extravasation of drugs from hypopermeable tumor
vessels and those with compromised blood flow.
Accordingly, the tumor vasculature serves as a major
barrier to optimal drug delivery (2).
It has been well established that noninvasive
ultrasound (US) can safely and reversibly increase the
permeability of the tumor vessel walls and to
temporarily enhance the accumulation of anticancer
drugs (3-6) and gene therapy vectors (7-9) in the
surrounding diseased tissues. These US-based
approaches are facilitated using microbubble (MB)
contrast agents, (mean diameter < 5 µm). Using
acoustic pressures as low as a few hundred
kilopascals (kPa), once the US waves encounter
circulating MBs they induce a large proportion of the
MB population to resonate (termed stable cavitation)
resulting in the mechanical separation of endothelial
cells and the desired enhanced microvascular
permeabilization (10). While MB exposure to higher
acoustic pressures may also enhanced microvascular
permeability via the effects of inertial cavitation, the
likelihood of compromised blood flow in the tumor
due to microvascular damage is also more likely.
Obviously, this latter situation would impede
delivery of any circulating anticancer drug and as
such should be avoided.
From use of several different xenograft tumor
models, it has been shown that low pressure
US-stimulated drug delivery (also termed US
therapy), enhances the efficacy of drug treatment of
tumors, compared to systemic injection of the drugs
alone (4, 5, 11). Specifically, use of US-stimulated drug
delivery significantly enhanced the anticancer
response in tumor-bearing animals, dosed with either
low molecular weight (cisplatin) or high molecular
weight (cetuximab) drugs (neoadjuvant therapy) (5).
It has also been demonstrated that US-stimulated
drug delivery is a promising tool for improved
treatment of residual cancer cells that remain after
surgical resection of the primary tumor (adjuvant
therapy) (11). In a recent pilot study, involving 10
patients
with inoperable pancreatic cancer,
Kotopoulis et al. (12, 13), showed that continuous US
exposure of FDA-approved MBs and a standard
chemotherapeutic drug (gemcitabine) at the tumor
site can prolong patient survival. This, pioneering
study employed US-stimulated drug delivery, for the
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first time, for the treatment of cancer patients.
High-density lipoproteins (HDL) are a class of
nanoparticles (NPs) that help transport cholesterol
from peripheral tissues to the liver. The unique
structure of HDL makes it ideally suited for the
transport of lipophilic compounds in its core
compartment so that the payload can safely reach its
destination (14). The same advantages apply to the
transport of other lipophilic payloads, such as
anticancer drugs (15, 16). Despite promising findings,
the use of native plasma lipoproteins as drug carriers
has been limited by the lack of a consistent
composition so significant research activity has been
committed to developing synthetic, or reconstituted
HDL (rHDL), NPs as drug delivery vehicles (17-19).
Of importance, the payload of both native and
synthetic HDL NPs is known to be primarily
delivered by scavenger receptor type B1
(SR-B1)-mediated endocytosis (20, 21). Note that
SR-B1 is overexpressed in cancer cells compared to
normal cell types (19). It has been hypothesized that
SR-B1 overexpression is linked to a cancer cells need
for cholesterol as demanded by their high rate of
proliferation (22). Therefore, rHDL NPs allow
selective delivery of anticancer agents to cancer cells
via the SR-B1 receptor when injected systemically,
thus locally unloading the drug payload from NPs
selectively to tumor tissue. Notwithstanding, any
adjunct targeting strategy that could noninvasively
enhance rHDL NP extravasation at the tumor site
would improve drug delivery and potentially help
maximize any therapeutic response. IR-780 iodide is a
lipophilic, near-IR NIR) fluorescence imaging
heptamethine cyanine dye, with a peak emission at
780 nm, which has gained interest in recent years due
to its superior tumor targeting and imaging potential
(23, 24). Although its hydrophobic property limits its
clinical use, it is a useful candidate for mimicking
lipophilic drug delivery mediation via the rHDL
modality. Additionally, IR-780 dye is associated with
preferential accumulation and longer retention in
certain cancer cells, including breast cancer and lung
cancer, compared to other NIR dyes (25). In this
paper, we detail the use of US-stimulated drug
delivery to locally enhance the payload of NIR dye
uptake from rHDL NPs by tumor tissue, using an
orthotopic breast cancer murine model.

Materials and Methods
Cell lines and culture methods
Luciferase-positive human breast cancers cells
(MDA-MB-231/Luc, Cell Biolabs, San Diego, CA,
USA) were maintained in L-15 Leibovitz medium
(Hyclone, Logan, UT, USA) supplemented with 10%
http://www.ntno.org
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fetal bovine serum. All cells were cultured to
approximately 70 to 90% confluency before passaging
and grown at 37°C without CO2 (Heracell 150i,
Thermo Fisher Scientific, Waltham, MA, USA).
Appropriate cell numbers were determined using a
digital cell counting instrument (Countess II
Automated Cell Counter, Thermo Fisher Scientific).

rHDL NP assembly
The rHDL NPs containing an imaging dye
IR-780 (Sigma Aldrich, St. Louis, MO, USA) were
prepared via the cholate dialysis procedure (26, 27).
To a glass vial, 7.5 mg/mL of phosphatidylcholine,
0.175 mg/mL of free cholesterol, and 0.075 mg/mL of
cholesterol oleate, (all from Sigma Aldrich) were
added from stock solutions in chloroform and mixed
thoroughly. This mixture was then dried under
nitrogen. To this mixture, 0.75 mg/mL IR-780 from a
stock prepared in dimethyl sulfoxide (DMSO) (Sigma
Aldrich) and 30 µL/mL DMSO were added, followed
by 2.5 mg/mL Apolipoprotein A-I (MC Lab, San
Francisco, CA, USA). The mixture was then vortexed
before adding 7.5 mg/mL of sodium cholate. A buffer
solution (10 mM Tris, 0.1 M potassium chloride, 1 mM
EDTA pH 8.0) was used to make up the desired
volume. The solution was mixed thoroughly and
incubated on a rotary shaker at 4 °C for 12 hours. The
formulation was then dialyzed against 2 L of 1x
phosphate buffered saline for 48 h at 4 °C, with a
change of buffer 3 times every 2 h on the first day, and
later change of buffer after every 12 h. The mixture
was centrifuged at 239.4 g for 1 min and the
supernatant was filtered through a 0.45 µM filter
(EMD Millipore, Billerica, MA, USA), aliquoted and
stored at -20 °C until used. Dye incorporation into the
rHDL NPs was quantified by absorbance
measurements at 780 nm (Synergy HT, BioTek,
Winooski, VT, USA). The hydrodynamic diameter of
the rHDL NPs was estimated using a submicron
particle size analyzer (Delsa Nano, Beckman Coulter,
Brea, CA). An average of 70 runs was captured by the
machine and the number distribution of average
particle size was reported. The final size of the rHDL
NPs was found to 44.8 ± 24 nm.

Animal studies
All animal experiments were reviewed and
approved by the Institutional Animal Care and Use
Committee at the University of Texas at Dallas.
Four-week-old female athymic mice (Charles River
Laboratories, Wilmington, MA, USA) were implanted
orthotopically in the right inguinal mammary fat pad
area with 1 million breast cancer cells. Implanted
tumors grew for three to four wk and were physically
measured biweekly throughout using digital calipers.
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Thereafter, animals were divided in experimental
groups so that mean group tumor size was
comparable. These group assignments were:
randomly assigned to one of seven groups: control,
low concentration of rHDL NPs ± US therapy,
moderate concentration of rHDL NPs ± US therapy,
high concentration of rHDL NPs ± US therapy (N = 7
to 12 animals per group) where low, moderate and
high signifies 5, 10, and 50 µg of IR-780 dye-loaded
rHDL NPs per injection, respectively. During all
procedures, animals were placed on a heating pad to
maintain core temperature and controlled with 2 to
3% isoflurane anesthesia (V3000PK, Parkland
Scientific, Coral Springs, FL, USA).

US-stimulated drug delivery
Our US therapy system and setup comprised of a
single element focused immersion transducer
(V392-SU-F, Olympus, Waltham, MA, USA)
electronically placed in series with a digital signal
generator (AFG3002B, Tektronix, Beaverton, OR,
USA) and power amplifier (A075, Electronics &
Innovation, Rochester, NY, USA), Figure 1. The US
transducer had the following characteristics: 1.0 MHz
center frequency, 1.5” diameter and © US exposure
involved a 100-cycle pulse sequence transmitted with
a peak negative pressure of 0.45 MPa that was
repeated every 10 ms for a duration of 5 min. A
custom transducer cone was created using
3-dimensional (3D) printing of a rigid polymer
material. This cone allowed secure insertion of the
transducer face whereas the narrowed distal end
comprised of an open acoustic aperture just proximal
to the transducer focal position that was covered with
acoustically
transparent
polystyrene
film
(McMaster-Carr, Douglasville, GA, USA). Once
assembled, this transducer cone was filled with
degassed water to allow coupling of US energy to
tissue placed beyond the aperture, Figure 2. The
acoustic output in the transducer focus was
sensitively measured or confirmed using a
hydrophone scanning system (AIMS III, Onda Corp,
Sunnyvale, CA, USA). The US focus extended
approximately 1 cm beyond the aperture face
allowing delivery (penetration) of US energy in the
target tissue at depth.
After placement of a 27G x ½” winged infusion
catheter (Terumo Corp, Hatagaya, Tokyo, Japan) in
the tail vein, each animal received a slow bolus
co-injection of MB contrast agent (100 µL, Definity,
Lantheus Medical Imaging, North Billerica, MA, USA)
and concentrated rHDL NPs diluted to 150 µL with
0.9% sodium chloride diluent (Hospira, Lake Forest,
IL, USA). Immediately thereafter, a single session of
US or sham therapy was applied to the tumor tissue
http://www.ntno.org

Nanotheranostics 2017, Vol. 1
after coupling the water-backed polystyrene-coated
acoustic aperture with US transmission gel
(Aquasonic 100, Parker Laboratories, Fairfield, NJ,
USA). Throughout each US-stimulated drug delivery
session, the US transducer was positioned and slowly
moved about the tumor by hand. By employing a
continuous raster scan approach throughout the
entire US exposure period, the likelihood of complete
(spatial) tumor treatment was maximized. Note that
the MB concentration used for US therapy was
300-fold larger than that used for a typical diagnostic
contrast-enhanced US examination in human (28).

In vivo and ex vivo optical imaging
Since the rHDL NPs were preloaded with IR-780
dye, optical imaging of live animals was employed to
quantify rHDL tumor update and retention at
baseline and again at 1 min, 30 min, 24 h, and 48 h
after receiving rHDL NPs ± US therapy exposure.
Thereafter, all animals were humanely euthanized via
isoflurane overdose and cervical dislocation. Tumors
were resected, rinsed with saline, weighed, and then
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placed in translucent 6-well plates (Thermo Fisher
Scientific). Optical imaging was performed using a
dedicated small animal optical imaging system (Pearl
Trilogy, LI-COR Biotechnology, Lincoln, NE, USA). In
addition to white light imaging for animal
visualization, co-registered fluorescence imaging was
performed using the 800-nm channel excited at a
wavelength of 785 nm and emitting at 820 nm. The
ability to image tumors over time allows in vivo
optical measurement of local fluorescence tracer
uptake and any US therapy-induced bioeffects (3).
Fluorescent signal intensity from a user-defined
region-of-interest (ROI) encompassing the in vivo or ex
vivo tumor mass was quantitatively measured using
software provided by the vendor (Image Studio
Software, LI-COR Biotechnology) and normalized by
background region. All ROIs were manually placed
around each tumor using the white light image for
guidance. The same ROI was then used to quantify
tumor fluorescence as a mean signal intensity
measurement.

Figure 1. Custom ultrasound (US)-stimulated drug delivery system comprised of an (A) arbitrary function generator and (B) digital oscilloscope in series with a (C)
power amplifier and (D) focused single element transducer. A water-filled 3-dimensional (3D) printed polymer cone with an acoustically transparent aperture is
placed on the transducer face for coupling US energy in the focus with the target tissue of interest.
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was utilized to evaluate differences in initial tumor
size (baseline) and excised tumor mass weight. A
p-value of less than 0.05 was considered statistically
significant. A Bonferroni correction was used to
counteract multiple comparisons. All analyses were
completed using statistical software (JMP 12, SAS
Institute Inc, Cary, NC, USA).

Results

Figure 2. US therapy transducer (A) before and (B) after being placed with a
3D printed cone with an acoustically transparent aperture is placed on the
transducer face for coupling US energy in the focus with the target tissue of
interest. High-resolution spatial maps of US pressure (transducer output)
confirms acoustic coupling and no field aberration.

Tumor tissue dye extraction
Excised tumors were cut into small pieces, rinsed
with saline, and then weighed. These pieces were
transferred to 1.5 mL microcentrifuge tubes
supplemented with a 1.0 mL radioimmunoprecipitation assay buffer comprised of 50 mM
Tris-base (pH 7.4), 150 mM sodium chloride (NaCl),
1% Triton X-100, 0.5% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate (SDS). Tissue samples were
homogenized by ceramic beads (Mo Bio, Carlsbad,
CA, USA) using mechanical agitation (Vialmix,
Lantheus Medical Imaging). After centrifugation at
2000 g for 10 min (repeated twice), the supernatants
were transferred to a 96-well black plate (200 µL per
well). Each tissue sample was measured in triplicate.
A standard curve was produced by allocating the
rHDL NPs and control tumor lysate at different doses.
The fluorescence signal from each well was quantified
by a microplate reader (Synergy H4, BioTek) with
optical excitation and emission set at 780 nm and 820
nm, respectively. Tumor uptake of the IR-780 dye was
calculated as the amount of dye material in each
tumor normalized by the injected dose and reported
as a percentage.

At baseline and immediately preceding initiation
of the US-stimulated drug delivery study, animals in
all groups developed comparably sized tumors
ranging from 680.4 ± 111.5 to 760.6 ± 62.1 (p > 0.10),
Figure 3. Following baseline optical imaging to detect
presence of any background fluorescence signal from
the tumor tissue, animals received: sham treatment
(control), low concentration of rHDL NPs ± US
therapy, moderate concentration of rHDL NPs ± US
therapy, or high concentration of rHDL NPs ± US
therapy where low, moderate and high signifies a
single injection of either 5, 10, or 50 µg of IR-780
dye-loaded rHDL NPs. Thereafter, whole body
optical imaging was repeated at 1, 30, and 60 min, and
again at 24 and 48 h. A representative sequence of
optical images is presented in Figure 4. Note the
progressive accumulation of the rHDL NPs in tumor
tissue as a function of both time and injected
concentration. One can also appreciate how the
incorporation of US therapy improves delivery of the
rHDL NPs. For the moderate and high rHDL NP
concentrations, these phenomena are captured in the
in vivo optical images as early as 30 min after
administration. Note the perceived reduction in the
optical signal from the liver in the high concentration
rHDL NP group animals. This observation was
simply due to the increased image scale necessary to
show actual variations in the tumor tissue and does
not represent a real biological phenomenon.

Statistical analysis
All experimental data was summarized as the
mean ± standard error. A repeated-measures analysis
of variance (ANOVA) test was used to assess
longitudinal trends in the in vivo optical imaging
group data. Differences in rHDL NP delivery with
and without the use of US therapy were evaluated
using a Mann-Whitney test. Relationships between in
vivo and ex vivo optical imaging data were analyzed
using a Pearson correlation test. A two-sample t-test

Figure 3. Summary of tumor sizes at baseline for the control, low
concentration reconstituted high-density lipoprotein (rHDL, low [rHDL]) ± US
therapy, moderate [rHDL] ± US therapy, or high [rHDL] ± US therapy group
animals.
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Figure 4. Representative in vivo optical images of breast tumor-bearing animals administered a single dose of either control (sham), low [rHDL] ± US therapy,
moderate [rHDL] ± US therapy, or high [rHDL] ± US therapy at baseline, 1 min, 30 min, 60 min, 24 h and 48 h. Note the different optical image intensity (colorbar)
ranges for each animal group.

Longitudinal in vivo optical imaging data from
the US-stimulated drug delivery study is summarized
in Figure 5. A repeated measures ANOVA revealed
that no changes in the in vivo optical signal was found
in the control animals (p = 0.32), however, there was a
significant change during the same observation time
in
the
low
and
moderate
rHDL
NP
concentration-dosed animals (p < 0.002) and a trend
towards significance in animals administered a high
concentration of rHDL NPs (p = 0.09). With US
therapy added to the experimental protocol, a
significance change over time and within 48 h was
also noted in the low and moderate concentration
rHDL NP-dosed animals (p < 0.001) in addition to the
high concentration rHDL NP-dosed animals (p =
0.02). When comparing same day in vivo optical
imaging data from animals administered rHDL NPs ±
US therapy revealed no significant differences for
those receiving the low concentration injections and
only at 24 and 48 h for the high concentration-dosed
animals (p < 0.04). Noteworthy, animals administered
the moderate rHDL NPs ± US therapy exhibited
significant differences in tumor uptake (dye
accumulation) as early as 30 min after treatment (p <

0.01). These same day tumor measurements further
confirm that US therapy can significantly improve
delivery of systemically injected rHDL NPs.
After in vivo optical imaging at the 48-h time
point, animals were humanely euthanized. Regardless
of experimental group, no differences were found
between any of the excised tumor weights (p > 0.08).
A comparison of ex vivo optical image data of excised
tumor samples to in vivo optical measurements
obtained immediately prior to euthanasia reveals a
strong positive correlation for all animals receiving
rHDL NPs ± US therapy (R2 > 0.69, p < 0.003) but not
those in the control group (R2 = 0.09, p = 0.52). Evident
from the data plotted in Figure 6, US-stimulated drug
delivery enhances rHDL NP accumulation in the
target tumor tissue compared to rHDL NP injection
alone and trends observed appear independent of
dose concentration.
Tumor samples were further processed to extract
the IR-780 dye that was preloaded into the rHDL NPs
and to provide an additional measure of target tissue
drug accumulation. A comparison of group data from
animals administered low or moderate concentration
rHDL NPs revealed significant increases in dye
http://www.ntno.org
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extraction when US therapy was utilized (p < 0.05) but
not in animals dosed with the high concentration
rHDL NPs (p = 0.24), Figure 7. Lastly, measurements
of the dye extracted from excised tumor samples was
compared to in vivo optical measurements obtained
immediately prior to euthanasia and results indicate a
positive correlation for only those animals receiving
the low concentration rHDL NPs ± US therapy (R2 >
0.43, p < 0.03).

Figure 6. Scatterplot of in vivo and ex vivo optical imaging results at 48 h from
breast tumor-bearing animals administrated either (A) low [rHDL] ± US
therapy, (B) moderate [rHDL] ± US therapy, or (C) high [rHDL] ± US therapy.
Trend lines (dashed) highlight the linear relationship between the tumor
measurements.

Discussion

Figure 5. Summary of in vivo optical imaging results from breast tumor-bearing
group animals administered either (A) low [rHDL] ± US therapy, (B) moderate
[rHDL] ± US therapy, or (C) high [rHDL] ± US therapy at baseline, 1 min, 30
min, 60 min, 24 h and 48 h. Note the improved uptake of rHDL NPs at the
target tumor site when noninvasive US is incorporated to the treatment
protocol. A * indicates statistically significant differences.

Drug-loaded rHDL NPs allow selective delivery
of anticancer agents to tumors via the SR-B1 receptor,
thus, unloading the drug payload from the rHDL NPs
to cancer cells. To help achieve maximal benefit, the
rHDL NPs must extravasate and locally accumulate in
the tumor tissue space. To that end, US-stimulated
drug delivery has considerable potential for
http://www.ntno.org
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increasing localized rHDL NPs delivery in addition to
a host of other clinical applications. As this novel US
therapy continues to be explored, it is important to
understand the effects and mechanisms of this adjunct
to cancer therapy. In this study, we investigated the
effects of US-stimulated drug delivery of IR-780
dye-loaded rHDL NPs in living animals. The
overarching objective of this preliminary study was to
investigate whether US-stimulated drug delivery of
rHDL NPs can significantly improve tumor
accumulation as compared to systemic injection of the
rHDL NPs alone. Incorporation of an IR-780 dye into
the rHDL NPs allowed us to study drug delivery
longitudinally in living animals using a noninvasive
optical imaging system.

Figure 7. Comparison of IR-780 dye extraction data obtained from excised
tumor samples at 48 h after exposure to (A) low [rHDL] ± US therapy, (B)
moderate [rHDL] ± US therapy, or (C) high [rHDL] ± US therapy. A * indicates
statistically significant differences.
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A custom low intensity US therapeutic system
(mechanical index = 0.45) was used to help minimize
any disruption of tumor perfusion (29). Low intensity
US exposure of systemically flowing MB contrast
agents is known to
temporarily enhance
microvascular permeability in tumor tissue and
improve delivery of any circulating anticancer drug.
Thereafter, passive diffusion of the extravasated drug
can result in better tumor treatment. By employing a
continuous raster scan approach throughout the
entire US exposure period, a limitation of this
handheld US setup is that a complete and
homogenous treatment of the tumor volume may
have been conceded in addition to treatment of some
surrounding healthy tissue. Nonetheless, during this
study no change in optical imaging data was found in
the control animals. However, there was considerable
drug accumulation within 48 h in the low (5 µg),
moderate (10 µg), and high (50 µg) rHDL NP
concentration-dosed group animals (p < 0.09). With
US therapy added to the experimental protocol, there
was an additional and significant increase in local
drug uptake at the tumor site (p < 0.02). While the
early in vivo optical imaging sessions captured
fluorescent signals from both intravascular and
extravascular IR780-dye-loaded rHDL NPs, optical
images acquired at 24 and 48 h reflected tumor
fluorescence predominately due to the latter state
given the circulating half-life of the rHDL NPs is only
12 to 24 h (30). Optical image data collected from ex
vivo tumor samples confirmed tumor retention of the
IR-780 dye-loaded rHDL NPs and correlated
positively with in vivo optical imaging results (R2 >
0.69, p < 0.003). While IR-780 dye extraction from the
tumor tissue samples confirmed our in vivo and ex vivo
US therapy findings, results were less consistent due
to some basic concerns with the dye removal
procedure and subsequent quantification. More
specifically, we did not perform exsanguination of the
animals before euthanasia and tumor extraction.
Given the microvascular volume of these tumor
tissues can contain a considerable amount of
intravascular rHDL NPs, we believe this may have
impeded an accurate ex vivo measurement of tumor
retention (extravasation) by introducing a strong
background signal. A noteworthy observation from
the optical imaging data is that US-stimulated drug
delivery using the lower dose of rHDL NP yielded the
lowest gain (fluorescence signal increase) when
compared to dosing with the IR-780 dye-loaded rHDL
NPs alone. With the lower dose, we believe rHDL NP
availability at the tumor site was limited because of
the lower blood plasma concentration. Given the
effect of light scattering on in vivo optical imaging can
be significant, attenuation at tumor depth may have
http://www.ntno.org
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impeded an accurate quantification of the IR-780 dye
signal in larger tumors. Notwithstanding, this study
highlighted the use of US-stimulated drug delivery
for improving tumor treatment protocols and for
offering the potential opportunity to use lower drug
doses. As many anticancer chemotherapeutic agents
can produce toxicity via off target effects, even at the
approved therapeutic doses, improved (US-enhanced)
drug delivery could have a major impact in both the
adjuvant and neoadjuvant oncological setting.
A diverse collection of studies by our group and
others have shown that intravascular MB contrast
agents exposed to US energy can increase
extravasation and enhance the susceptibility of
malignant tissues to therapeutic agents (6, 11, 31-35).
As shown in (3), changes in tumor microvascular
permeabilization following US-stimulated drug
delivery occurs within minutes and confirms the
experimental findings presented herein. These tumor
microvascular changes are known to be transient with
homeostatic conditions typically returned within 48 h
(29). This may help explain in part the slight
plateauing of the data presented in Figure 5 (between
24 and 48 h). Given rHDL NPs are intrinsically
targeted to cancer cells, one would expect to see
continued drug accumulation at 48 h after the effects
of US therapy have waned.
When exploring other in vivo applications of
US-stimulated drug delivery, previously reported
methods analyzed secondary indicators of tumor
response to treatment by measuring physical size and
evaluating histological results post-mortem (5, 6, 33,
36, 37). While monitoring changes in tumor size is an
effective strategy for longitudinal studies, there is no
immediate feedback for gauging the efficacy of the US
enhanced therapeutic procedure. To that end,
magnetic resonance imaging (MRI)-based measures
have been explored and shown to be effective in
confirming successful US-stimulated drug delivery in
tumor tissue (29). Here the MRI image intensity after
contrast injections is a function of the enhanced
permeability and retention effect. After US therapy,
this property allows circulating MR contrast agent to
more selectively accumulate in tumor tissue
compared to normal tissues. While effective, cost and
image acquisition time considerations make the use of
MRI challenging, especially in the preclinical research
market. For monitoring US-stimulated drug delivery,
noninvasive in vivo optical imaging is a cost-effective
and versatile option. Over visible fluorescent dyes,
advantages to optical imaging of dyes in the IR region
is greater imaging depth, increased image resolution,
and higher signal-to-background signal ratio (38).
Results presented in Figure 4 further highlight the in
vivo use of IR-780 dye-loaded rHDL NPs and the
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ability to be successfully localized in tumor tissue
after application of US-stimulated drug delivery.
Given the ever-expanding role of fluorescence
imaging in human oncology (39, 40), the prospect of
using this modality for monitoring US-stimulated
drug delivery is encouraging. Future work will
investigate the use of US-stimulated drug delivery of
rHDL NPs preloaded with both an anticancer drug
and IR-780 dye. A series of longitudinal preclinical
studies will help optimize the drug dosing schedule
and overall therapeutic protocol. These experiments
should also include an evaluation of adjacent normal
tissue toxicity proximal to the tumor masses
compared to contralateral tissue.

Conclusion
This study produced encouraging preclinical
results exploring the use of US-stimulated drug
delivery using IR-780 dye-loaded rHDL NPs in the
neoadjuvant setting for the improved treatment of
breast cancer. On average, optical imaging results
confirmed that the use of US therapy for only 30 min
can significantly improves drug accumulation
compared to a single systemic injection of the rHDL
NPs alone. In vivo optical imaging results were
positively correlated with ex vivo tumor tissue
measurements. Overall, US-stimulated drug delivery
is a promising technology and the incorporation of
novel drug-loaded rHDL NPs may help improve
cancer management by minimizing long-term
complications and the number of invasive surgeries
that patients are forced to endure.
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