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Abstract

Microbubble-mediated ultrasound therapy can noninvasively enhance drug delivery to localized
regions in the body. This technique can be beneficial in cancer therapy, but currently there are
limitations to tracking the therapeutic effects. The purpose of this experiment was to investigate
the potential of fluorescent imaging for monitoring the temporal effects of microbubble-mediated
ultrasound therapy. Mice were implanted with 2LMP breast cancer cells. The animals underwent
microbubble-mediated ultrasound therapy in the presence of Cy5.5 fluorescent-labeled 1gG
antibody (large molecule) or Cy5.5 dye (small molecule) and microbubble contrast agents. Control
animals were administered fluorescent molecules only. Animals were transiently imaged /n vivo at
1, 10, 30, and 60 min post therapy using a small animal optical imaging system. Tumors were
excised and analyzed ex vivo. Tumors were homogenized and emulsion imaged for Cy5.5
fluorescence. Monitoring /7 vivo results showed significant influx of dye into the tumor (o < 0.05)
using the small molecule, but not in the large molecule group (p > 0.05). However, after tumor
emulsion, significantly higher dye concentration was detected in therapy group tumors for both
small and large molecule groups in comparison to their control counterparts (o < 0.01). This paper
explores a noninvasive optical imaging method for monitoring the effects of microbubble-
mediated ultrasound therapy in a cancer model. It provides temporal information following the
process of increasing extravasation of molecules into target tumors.

[. Introduction

The ability to monitor drug therapy over time elucidates tumor uptake mechanisms and
pending response to treatment for individual patients. Cancer is the second most common
cause of death in the United States, with a projected 572 000 deaths in 2011 [1]. The
efficiency of drug delivery to a target tumor ultimately determines the effectiveness of the
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systemic treatment [2]. Therefore, increasing the amount of drug localized and taken up by
the tumor will improve antitumor effects, while potentially allowing a dose reduction to
minimize systemic toxicity. The demands for new noninvasive treatments have led to novel
modalities to monitor and evaluate early treatment response.

In combination with chemotherapy, antibody therapy has been an emerging field in many
cancer types including breast, pancreatic, head and neck, lung, colon and esophageal.
Antibody-based therapies are a positive addition to chemotherapy because they use
humanized or human antibodies that have high specificity and low toxicity values [3], [4].
The current difficulties with antibody therapy are the large size of the antibody and its
ability to extravasate from the blood stream to the tumor region of interest. Although
antibodies circulate for weeks, if blood flow to the tumor is limited, those that do not reach
their intended target are metabolized by the liver before reaching the cancer [3]. Although
targets for antibody therapy are extracellular, previous /n vitro studies have shown that using
microbubble-mediated ultrasound therapy can increase localized effectiveness of cancer
therapy [5].

Imaging modalities such as positron emission tomography (PET), single-photon emission
computed tomography (SPECT), magnetic resonance imaging (MRI), and ultrasound are
becoming increasing popular in preclinical applications to explore drug delivery and
bioeffects. Although this is true, optical imaging to monitor drug delivery gives an
inexpensive, noninvasive approach to efficiently analyze longitudinal studies of molecular
delivery [6]. Advantages of optical imaging include safety and immediate analysis
(compared with secondary analysis such as perfusion, tumor size, etc.). One limitation to
optical imaging is the difficulty to directly translate it into the clinic. Unless the drug is
already fluorescently labeled, optical imaging is most effectively used in preclinical
applications to study and learn about new drugs, drug delivery vehicles, and drug delivery
methods [6], [7].

Microbubbles are micrometer-sized gas-filled particles, surrounded by a flexible outer core
composed of polymer or lipid molecules [8]-[10]. Their original purpose was to provide
ultrasound image contrast enhancement for real-time assessment of myocardial perfusion in
coronary artery disease [11]. However, because of their impressive response under certain
ultrasound conditions, microbubbles have emerged as a novel adjuvant therapy to
conventional and targeted chemotherapeutics. Microbubble contrast agents in the presence
of ultrasound have been shown to exhibit two mechanisms that complement drug delivery.
These include vascular extravasation and temporarily enhancing cell membrane permeability
[12], [13]. Under the influence of particular ultrasound conditions and in the presence of
cells, microbubbles mechanically oscillate, which can produce pores in cellular membranes
in the localized area of interest [13]-[15]. Using this technique, microbubbles have been
shown to temporarily open up the blood—nbrain barrier to allow increased delivery of drugs
to the brain [13], [16]. Molecular extravasation into tumors through microbubble therapy has
also been shown to increase anticancer effects [17]. This technique can increase localized
delivery of molecules directly to the cytoplasm of cells; drugs, such as paclitaxel and
doxorubicin, and molecules, such as lipoplexes for increased transfection, have been
demonstrated to have enhanced delivery [18], [19]. These pores created will react in a
manner similar to a wound response, healing shortly after physical interaction with the
contrast agent and ultrasound subsides [20], [21]. Microbubbles have also been shown to
increase extravasation by breaking down gap junctions between endothelial cells and
transport molecules across a cell membrane barrier through the temporary pores [22]-[26].
Two phenomena occur in microbubble-mediated ultrasound therapy: increased vascular
extravasation through gaps formed between endothelial cells of the tumor and cell uptake
through pore formation. Microbubble-mediated ultrasound therapy has become an
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increasingly attractive field of study because of its ability to noninvasively increase
localized passive delivery of chemotherapeutic and other drug therapies.

With the emergence of combination cancer therapies, it has become essential to understand
the mechanics behind the therapy. The ability to noninvasively monitor effectiveness of drug
uptake from microbubble-mediated ultrasound therapy is beneficial in gaining further
understanding on the mechanisms of the treatment. In this paper, we explore the potential of
optical fluorescence imaging techniques for monitoring the temporal effects of microbubble-
mediated ultrasound therapy in a preclinical breast cancer animal model.

[l. Materials and Methods
A. Cell Culture

2LMP human breast cancer cells (MDA-MB-231, lung metastatic pooled) were used as a
biological model for investigating microbubble-mediated ultrasound therapy in cancer
therapy applications. The 2LMP cell line was maintained in Dulbecco’s modified Eagles
medium (DMEM), 10% fetal bovine serum (FBS), and 1% L-glutamine. All cells were
cultured to 70% to 90% confluency before passaging. Cells were grown at 37°C and in 5%
CO5 and 90% relative humidity. Appropriate cell numbers for all experiments were
determined using hemocytometer and trypan blue dye exclusion.

B. Animal Preparation

Animal experiments were reviewed and approved by the Institutional Animal Care and Use
Committee (IA-CUC) at the University of Alabama at Birmingham. Twenty-three 6-week-
old nude female athymic NCr-nu/nu mice (Jackson Laboratory, Bar Harbor, ME) were
implanted subcutaneously with 2 x 108 2LMP breast cancer cells in the left flank. The
implanted tumors were allowed to grow for approximately three weeks before beginning
experimental studies. Mice were randomly sorted into four groups: small molecule with
microbubble-mediated ultrasound treatment (A= 6), small molecule control with no
additional treatment (N = 6), large molecule with microbubble-mediated ultrasound
treatment (V= 6), and large molecule control with no additional treatment (/= 5). The
tumor area was measured from images acquired using a small animal optical imaging system
(Pearl Impulse, LI-COR Biotechnology, Lincoln, NE).

C. In Vivo Microbubble-Mediated Ultrasound Therapy

Cy5.5-labeled IgG antibody (SouthernBiotech, Birmingham, AL) and Cy5.5 dye (GE
Healthcare Life Sciences, Piscataway, NJ) were analyzed in this experiment for their
variation in size and representation of antibody and chemotherapeutic drugs in cancer.
Cy5.5-labeled 1gG [molecular weight (MW) = 150 kDa] is a larger molecule, similar in size
to antibodies used in cancer therapy, whereas Cy5.5 dye (MW = 1.1 kDa) is a smaller
molecule, comparable to chemotherapeutics used in cancer treatment. Hereafter, these
fluorescent tracers will be referred to as either small (Cy5.5 dye) or large (Cy5.5- labeled
IgG) molecular agents. The blood half-lives of these Cy5.5 molecules are estimated to be 20
min and 11 d for the small and large molecules, respectively [27], [28]. Optimized
parameters from previous microbubble-mediated ultrasound therapy studies were used as a
baseline to induce fluorescent tracer tumor uptake /n7 vivo [26]. The custom experimental
ultrasound setup involved an unfocused 19-mm (.75-in) single-element immersion
transducer (Olympus, Waltham, MA) in series with an oscilloscope (TDS 2014B, Tektronix,
Beaverton, OR), signal generator (AFG3022B, Tektronix) and power amplifier (A075,
Electronics and Innovation, Rochester, NY) as shown in Fig. 1. Ultrasound parameters
included: 1.0 MHz transmit frequency, 5 min duration of exposure, 5 s pulse repetition
period, 20% duty cycle, and a mechanical index (MI) of 0.5 (22 mW/cm?). Mice were
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submerged in a custom-built 37°C water bath and remained under isoflurane gas anesthesia
for the entirety of the ultrasound imaging. Each mouse was initially anesthetized, then
strapped on a custom board. This board has a port to keep a constant flow of isoflurane to
the animal for the entirety of its placement on the board. The board was submerged at a 30°
angle in the water bath (the entire body of the mouse, except the head, is submerged) and the
transducer was placed perpendicular to the tumor, as seen in Fig. 1. Mice underwent
microbubble-mediated ultrasound therapy in the presence of small (25 L, 1073 M) or large
(25 pL dye-labeled antibody, 10~7 M) fluorescent molecules and uncoated microbubbles
(Definity, Lantheus Medical Imaging, North Billerica, MA) in a 37°C water bath. Cy5.5
labeled IgG molecules were purchased preconjugated from SouthernBiotech in a working
dilution of 10 L per 1 x 10° cells. The amount of fluorescence on the 1gG molecule was
calculated with a spectrophotometer (NanoDrop 2000c, Thermo Scientific, Wilmington,
DE), because this was not information given in the product sheet. Although molarity
concentration was not identical for the small or large molecule group, therapy was
completed using the same batches during the experiment and all therapy advancements were
compared with a control injection of the same amount, allowing appropriate standardization
to calculate therapeutic gains. A combination of microbubbles (30 L) and fluorescent
molecules (25 L) was mixed and diluted with saline to a total volume of 100 L. This
mixture (100 pL) was delivered simultaneously intravenously via tail vein bolus injections.
Control mice underwent sham therapy (i.e., receiving no ultrasound exposure, yet kept under
the same conditions as therapy groups, including injection of microbubbles and fluorescent
molecules). Animals were controlled under isoflurane anesthesia throughout the
microbubble-mediated ultrasound therapy process.

D. In Vivo Optical Fluorescent Imaging

Immediately after completing microbubble-mediated ultrasound or sham therapy, each
mouse was transiently imaged at 1, 10, 30, and 60 min post therapy using a dedicated small
animal optical imaging system (Pearl Impulse). The Pearl Impulse optical imaging system is
a closed configuration with a cooled charge-coupled camera that achieves deep target
imaging with laser excitation, and near-infrared fluorescent detection. Imaging was
performed using a near-infrared window 700-nm channel, exciting at a wavelength of 685
nm and emitting at 720 nm (Fig. 2). Animals were maintained under isoflurane anesthesia
for each imaging time point. Each animal was positioned on its side, with the tumor side
facing upwards in the chamber. One image for each time point was retrieved (gray scale
image of the mice and fluorescence intensity were taken simultaneously). The mice were
awakened between each imaging sequence. The ability to image tumors progressively over
time allowed measurement of local fluorescent tracer uptake and any therapy-induced
effects. Fluorescent intensity was measured using the Pearl Impulse software version 2.0
(L1-COR Biotechnology) region-of-interest (ROI) analysis of the tumors. An ROl was
drawn around each tumor (this was done separately for each image, because there might be
slight differences in mouse positioning). Then, using the Pearl Impulse software, total
fluorescent intensity within that ROl was measured. Each ROI was then normalized by its
total pixel counts to quantify mean intratumoral fluorescence. All measurements from small
and large molecule groups were compared with control counterparts to quantitatively
determine fluorescent tracer uptake and retention. Qualitative analysis of spatial variations
in tumor samples was performed.

E. Ex Vivo Optical Fluorescent Imaging

Animals were humanely euthanized immediately following the last optical imaging time
point (1 h post therapy) and tumors were extracted. Excised tumors were rinsed with saline,
weighed (AX105 DeltaRange, Mettler Toledo, Columbus, OH) and imaged for fluorescent
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signal detection using the Pearl Impulse. Tumors were then sectioned into quarters for
fluorescent dye extraction.

F. Fluorescent Dye Extraction

Each of the quarters was weighed and 250 pL of a 100 mM sodium hydroxide (NaOH)
solution (sodium hydroxide molecular biology grade, Fisher Scientific, Fair Lawn, NJ) was
added. The tumor samples were digested in the NaOH solution for 2 h with periodic
vortexing. Samples were centrifuged (10 min at 16.1 x 102 g) and the supernatant (50 L)
was analyzed for dye extraction using a fluorescent plate reader with a 694-nm filter
(Victor? 1420 Multilabel counter, PerkinElmer Life Sciences, Waltham, MA), exciting at a
wavelength of 675 nm. The tumor samples continued to incubate in NaOH solution for the
remainder of 48 h to extract the remaining dye. Supernatant was analyzed again using the
methods described previously at 24 and 48 h after tumor extraction. At 48 h post extraction,
the remaining supernatant was removed from the tumor pellets and the samples were again
imaged using the small animal imaging system to determine the presence of any residual
Cy5.5 dye.

G. Statistical Analysis

All statistical data was analyzed using SAS software (SAS Institute Inc., Cary, NC).
Unpaired two-sample #tests were used to assess differences between the small and large
molecule group data, as well as control and microbubble-mediated ultrasound therapy
exposed group data. For in vivo experiments of sequential fluorescent testing, analysis of
variance (ANOVA) statistical testing was used to test difference in groups. Data was
recorded as mean £ SEM. A p-value of less than 0.05 was considered statistically
significant.

[1l. Results

A. In Vivo Optical Fluorescent Imaging

In vivo optical imaging following application of microbubble-mediated ultrasound allows
monitoring of local tumor uptake of systemically circulating fluorescent tracers. The average
tumor size was 113.8 + 10.6 mm2. There were no significant differences between tumor
sizes, between small molecule therapy and control group (o= 0.32), or between large
molecule therapy and control group (p = 0.26). Temporal measurements showed a 70.1%
increase in small molecule fluorescent tracer accumulation over control group measurements
at 1 min, followed by increases of 45.1%, 25.5%, and 18.6% at 10, 30, and 60 min,
respectively (o =0.02). In the large molecule group, /n vivo data demonstrated tracer
accumulation increases of 9.6%, —4.3%, —2.6%, and —2.8% over control at 1, 10, 30, and 60
min, respectively, although the data were not significant (o= 0.51), as shown in Fig. 3. Fig.
3(a) depicts representative images of intratumoral fluorescent tracer uptake for the small
molecule group at 60 min. Figs. 3(b) and 3(c) shows uptake trends for the small and large
molecule groups, respectively. Qualitative analysis of tumor samples showed spatial
variations throughout the tumor. Compared with control data, significant increases in small
molecular tracer uptake were observed up to 10 min following microbubble-mediated
ultrasound exposure (p < 0.05). However, this trend subsided and no significant differences
in tracer accumulation were found at 30 or 60 min (p > 0.05). No such trend was observed in
the large molecule group data. Tumors were quantitatively analyzed for fluorescent signal as
a whole, but increased signal levels were frequently noted in the tumor periphery where
vascularity is most dense in these preclinical animal models. Although this is true,
accumulation in blood cannot be distinguished from uptake in tissue, therefore the variation
is not known to be linked to vascularization.
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B. Ex Vivo Optical Fluorescent Imaging

Tumors (V= 23) were imaged ex vivo with the Pearl Impulse and exhibited no significant
differences during intra-group comparisons (p > 0.44), although fluorescent signals from
Cy5.5 therapy samples were 19% greater than control (Fig. 4). Fig. 4(a) shows
representative images of ex vivotumors depicting detection of intratumoral fluorescence
after microbubble-mediated ultrasound therapy using either the small or large molecular
tracers. Fig. 4(b) shows fluorescent signal therapy and control groups, normalized by pixels
in the ROI. Tumor weights were 0.312 + 0.052 g. No differences were found during analysis
of intragroup tumor weights between small molecule therapy and control group (p = 0.50)
and large molecule therapy and control groups (p = 0.92), which allows direct comparison
between therapy and control groups.

C. Fluorescent Molecule Extraction

To quantify the amount of intratumoral dye (following microbubble-mediated ultrasound
therapy exposure), excised tumor samples were homogenized, fluorescent dye was released
from within the tumor, and the supernatant was imaged for fluorescent tracer presence.
Fluorescent dye in the supernatant extracted from the tumors was used to determine the total
amount of dye that was taken up or extravasated into the tumor. At 2 h of degrading in
NaOH, no significant difference in supernatant fluorescence of degraded tumors was found
in comparison to the counterpart control samples (p> 0.61). At 24 h of degrading in NaOH,
sample analysis revealed a significant increase (10.9%, p = 0.003) for the large molecular
tracer group compared with control samples. At 24 h, no significant differences in the small
molecular tracer group were found, yet there was a 5.5% increase in detected fluorescence
signals for the samples exposed to microbubble-mediated ultrasound therapy compared with
control tissue (o = 0.09). However, after 48 h of continuous NaOH treatment on ex vivo
tumors to destroy cell barriers and allow fluorescent dye release, there was significantly
higher Cy5.5 signal concentration in samples receiving microbubble-mediated ultrasound
therapy with both small molecular (o= 0.01) and large molecular (p = 0.002) tracers, Fig.
5(a). Specifically, the microbubble-mediated ultrasound-therapy-exposed samples exhibited
increases in fluorescent signal of 9.3% and 14.2% using small and large molecular tracers,
respectively. The tumor pellet samples were imaged to determine the presence of any
residual fluorescent Cy5.5 signal. No significant difference between residual amounts of
fluorescent tracer in pellet samples after liquid removal were found (p > 0.10), Fig. 5(b).
These findings suggest that the majority of fluorescent dye was extracted from all the
excised tumor samples analyzed.

V. Discussion

Microbubble-mediated ultrasound therapy has considerable potential for increasing localized
drug uptake in cancerous tissue in addition to a host of other clinical applications [10], [15]-
[19]. As this novel therapy continues to be studied, it becomes increasingly important to
elucidate the effects and mechanisms of this therapeutic adjunct. In this study, we
investigated a noninvasive optical imaging method for monitoring the effects of
microbubble-mediated ultrasound therapy in living animals. This strategy provides
mechanistic insight into the process of increasing the localized delivery of molecules (such
as chemotherapeutic drugs and therapeutic antibodies) to tumors, and may prove useful for
optimizing this ultrasound-based technology for /n vivo applications.

Both IgG-labeled Cy5.5 (large molecules, MW = 150 kDa) and Cy5.5 dye alone (small
molecules, MW = 1.1 kDa) were analyzed in this experiment because of their matched size
relationship to antibody and chemotherapeutic cancer drugs, respectively. Exposure
parameters can influence the impact of microbubble-mediated ultrasound therapy through
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size, location, and humber of the pores developed; therefore molecular size is an important
consideration. 1gG molecules are composed of four peptide bonds [29]. These 1gG
molecules are similar in size to drugs such as cetuximab (MW = 152 kDa), which targets the
epidermal growth factor (EGF) receptor and is used to treat cancers of the head and neck,
lung, colon, and esophagus [30]. Bevacizumab (MW = 148 kDa) has been used in cancer
treatment and is an 1gG molecule [31]. Although these antibodies have been mentioned for
comparison of size, there are many other that are currently used in cancer treatment. The
molecular weight of Cy5.5 dye alone is similar to the size of current breast cancer
chemotherapeutics such as paclitaxel (MW = 0.9 kDa) [32], [33]. The large molecular tracer
group had fluorescent molecules directly conjugated to the antibody, whereas the small
molecule group was the same fluorescent molecules alone. Note that the total dye amount
injected was not the same between the small and large molecular tracer groups. Because the
amount of dye differed between the small and large molecules, it was necessary to analyze
each group separately and use their control counterparts as direct comparison for
quantitative analysis of fluorescent uptake. Although there were significant differences
between the therapy and control groups in the supernatant analyzed, during the 7n vivo
optical imaging analysis, only the small molecular tracer group data revealed significant
increases in tumor uptake when comparing the microbubble-mediated ultrasound-therapy-
exposed and control samples throughout the study. This is most likely because of the smaller
size and ease of extravasation during microbubble-mediated ultrasound therapy exposure. It
is currently unknown whether intracellular delivery of all antibodies would present an
additive beneficial treatment or if it would decrease the effectiveness of some antibody
therapy because of their targeting to extracellular markers. However, Maeda et a/. showed
that sonoporation of anti-EGFR antibody /n vitro makes it possible to administer bleomycin
into cells more efficiently and specifically, showing an application for cancer therapy in
squamous cell carcinoma [5]. It could be possible to decrease effectiveness of the antibody
when internalized if that particular antibody requires an extracellular interaction to begin its
cascade of events (for example, TRA8 and targeting the DR-5 receptor to kill tumor cells)
[34]. /n vivo, total delivery of antibody to the tumor may be improved by endothelial cell
disruptions to improve extravasation of antibody from the circulation. This data supports the
need for increased research on /n vivo longitudinal studies of sonoporation using both small
and large molecules. Our /in vivo data however, did not support this hypothesis. Further
optimization of parameters might allow only increased cellular delivery of small molecules
(e.g., chemotherapeutics), while allowing larger molecules (e.g., antibody treatments) to
only target extracellular ligands.

When exploring /n vivo microbubble-mediated ultrasound therapy, previously reported
methods analyzed secondary effects, such as tumor response to chemotherapy, by measuring
size and evaluating histological results post mortem [35]. Secondary effects, such as MRI
signal enhancement have shown to be effective in correlating drug delivery from
microbubble-mediated ultrasound therapy through the blood—brain barrier [13]. There has
yet to be an established method for directly analyzing temporal affects /n vivo. Optical
fluorescent imaging has been used to look at investigating biological systems in many areas
of interest and is extremely popular because imaging can be accomplished with native,
unaltered cells [36]-[38], while still remaining noninvasive. Another option includes
bioluminescent imaging; however, it is limited by genetic alteration of cells (e.g., luciferase-
positive cells) [39]. One limitation to this study is the imaging system only reads near-
infrared wavelengths of 700 nm or higher, therefore Cy5.5, Alexa fluor near-IR spectra and
IR-dye are among the only fluorescent dyes available. Although this is a limitation, it is also
advantageous because it limits the amount of background from surrounding tissue and is
optimized for high-performance optical imaging. Without utilizing near-infrared dye,
intrinsic autofluorescence from animal tissue can be high and can mask the signal from
optical probes [40], [41]. Another limitation to this study is there was no control group of
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molecules plus ultrasound treatment alone (without microbubbles). This was done because
of limitations in animal numbers. However, this limitation does not take away from the
discoveries of the experiments, but shows that more extensive studies must be completed in
the future to further explore the mechanisms of this therapy. This study demonstrates
feasibility for a novel application for fluorescent optical imaging. Future studies will consist
of combination microbubble-mediated ultrasound and fluorescently-labeled anticancer drug
therapy with longitudinal optical monitoring.

This serial quantification allowed monitoring of direct temporal effects of microbubble-
mediated ultrasound therapy on tumor tissue /n7 vivo. This information also gives insight into
biological effects on the recovery time of the cellular and vascular membranes post
microbubble-mediated ultrasound therapy. /n vivo results revealed significant differences
over time in tumor uptake of the small molecular tracer when comparing therapy to control
group data, yet no difference was seen when using the large molecular tracer. The
ultrasound parameters used in this study have been previously explored /n vivo with the
delivery of paclitaxel [17]. The parameters may not have been optimal for antibody therapy
and larger molecules, such as 1gG; however, it was shown that dye was accumulated inside
the tumor. When analyzing the small molecule group, there was initially a 70% increase of
dye accumulation compared with control, which progressively decreases over time before
plateauing at approximately 20%. There was no significant difference in fluorescent uptake
at time point 30 and 60 min within the therapy group (p = 0.12), yet there were significant
differences when compared with time point 10 min (p= 0.02). This is important because it
may reveal significant insight regarding cell wound healing responses after microbubble-
mediated ultrasound therapy. When examining this study, it appears that after 30 min post
microbubble-mediated ultrasound therapy, there is no additional uptake of molecules. At
that point, it is suspected that the fluorescent molecules, or chemotherapeutics, will remain
entrapped in the cells or extravascular space within the solid mass tumor. It is hypothesized
that the first thirty minutes of microbubble-mediated ultrasound therapy will have the
greatest enhanced effect given the conditions used for this study. When monitoring the ex
vivo supernatant fluorescent release from the tumors, the initial release of fluorescence (at 2
h) is believed to be released from the vascularity. After 48 h of sodium hydroxide treatment,
supernatant from lysed tumor cells presented significant levels of Cy5.5 in both the small
and large molecular tracer-dosed tumors. This additional fluorescent signal from time point
2 h to 48 h is hypothesized to be from the trapped fluorescent molecules within the cell
membranes because it would take longer for the cells to lyse and release their fluorescence
compared with the tumor vascularity. It is hypothesized that there was not enough of an
increase to visualize using optical imaging for the large molecule group. In general, this
experiment illustrates that it takes 48 h to completely extract the dye from the excised tissue
samples. The ability to track each phenomenon is necessary to learn more about the /n vivo
mechanistic action of microbubble-mediated ultrasound therapy. Although both were
significant when compared with their control counterpart, the small molecular tracer group
produced higher levels of fluorescent signal than the large tracer group. This indicates that,
in general, more fluorescent dye is being accumulated within the tumor when using the
smaller particles. There was no significant difference in any of the pellet samples, showing
that the majority of Cy5.5 was extracted in the supernatant for both the small and large
molecule groups. This allowed an accurate reading of fluorescent levels and comparison
between groups. Although tumors were quantitatively analyzed for fluorescent signal as a
whole, increased fluorescence was most frequently observed around the tumor periphery.
This is important to note because increased angiogenesis/vascularity in tumors is most
commonly detected in animal models around the rim of the tumor. Using a near-IR dye, the
amount of background from surrounding tissue is minimized, although it is important to note
there is still some signal quantified from imaging the tissue itself. A limitation to the study is
a lack of knowledge in whether extravasation or intracellular delivery is the dominant
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mechanism for the observed increased molecular uptake. We hypothesize that it is a
combination effect, yet the exact mechanism still remains to be elucidated. For the study, it
was necessary to use the whole tumor to directly analyze the amount of fluorescent dye
released from the tumors, therefore no histological evidence is available to analyze in what
cells the chromophore is located and whether it is truly intracellular. Although there is not
conclusive information showing where the chromophores are residing after uptake by the
tumor, we hypothesize that the initial release of fluorescence signal from the excised tumor
(2 h immersed in NaOH) was from the vasculature of the tumor, whereas it took 48 h to
completely degrade the cell membranes in NaOH to release the molecules that were
entrapped intracellularly. Future studies will include histological analysis of tumors post
microbubble-mediated ultrasound therapy to determine which cells within the tumor were
involved in the molecular uptake. This study shows that microbubble-mediated ultrasound
treatment may be more effective in cancer types that have increased vascularity or blood
flow, and not hypo vascularized tumors, such as pancreatic cancer.

Near-infrared fluorescent optical imaging has proven useful for detecting cancer and
monitoring cancer growth [42], [43]. The dye acts as a surrogate for drugs, and presents
potential for analyzing uptake in preclinical studies. The ability to monitor the effectiveness
of increased tumor perfusion from microbubble-mediated ultrasound therapy is extremely
beneficial and will lead to increased understanding of systemic drug delivery. The capability
to both monitor cancer treatment and evaluate pharmacological distribution will help us gain
further understanding on the mechanisms of the treatment. As we further explore
mechanisms of localized and targeting tumors in cancer therapy, optical fluorescent imaging
could continue to improve our capabilities. This understanding and potentials are important
as cancer research continues to progress and introduces combination therapy to current
clinical practices.

V. Conclusion

A noninvasive optical imaging method for monitoring the effects of microbubble-mediated
ultrasound therapy provided insight into the process of increasing extravasation of molecules
into target tumors. Preliminary results are encouraging and fluorescent optical imaging may
prove useful for optimizing therapy and drug delivery monitoring in preclinical cancer
models.
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Fig. 1.

The therapeutic setup for /n vivo microbubble-mediated ultrasound is shown and involves a
single-element immersion transducer in series with an oscilloscope, a signal generator, and
power amplifier. Animals were intravenously injected with microbubbles and fluorescent
tracers and then underwent therapy in a water bath with constant flow of isoflurane
anesthesia.
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Fig. 2.

The /n vivotemporal fluorescent imaging setup shows the fluorescent optical imaging
system for monitoring molecular uptake in live animals. Imaging near-infrared fluorescent
tracers reduces background signal and improves dye-to-tissue contrast levels.
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Fig. 3.

Optical monitoring allows intratumoral analysis of fluorescent tracer accumulation. The
mean fluorescent signal from each tumor location is normalized by tumor size. (a)
Representative images of therapy and control animals at 1, 10, 30, and 60 min after
microbubble-mediated ultrasound therapy exposure and/or fluorescent tracer dosing.
Summary of fluorescent image temporal measurements from therapy and control tumors for
the (b) small molecular and (c) large molecular trace-dosed animals.
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Fig. 4.

Tumor samples analyzed ex vivo for fluorescent signal detection. (a) Representative tumor
images are shown for the small (Cy5.5) and large (IgG-labeled Cy5.5) molecular tracer
exposed samples. (b) Differences in fluorescent signal from ex vivo samples (normalized by
pixels in the region-of-interest).
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Fig. 5.

(a) Fluorescent signal analyzed in supernatant after tumor extraction. (b) Analysis of pellet
fluorescence following completed dye expulsion reveals no significant differences remain
between control and therapy exposed groups, indicating accurate measurements can be made
from the supernatant solution and extracted dye.
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