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Abstract

Objectives—The objective of this study is to evaluate the minimum microbubble dose for
ultrasound molecular imaging to achieve statistically significant detection of angiogenesis in a
mouse model.

Materials and Methods—The pre-burst minus post-burst method was implemented on a
Verasonics ultrasound research scanner using a multi-frame compounding pulse inversion imaging
sequence. Biotinylated lipid (distearoyl phosphatidylcholine, DSPC-based) microbubbles that
were conjugated with anti-vascular endothelial growth factor 2 (VEGFR2) antibody (MBvggrr2)
or isotype control antibody (MBcgntrol) Were injected into mice carrying adenocarcinoma
xenografts. Different injection doses ranging from 5 x 10% to 1 x 107 microbubbles per mouse
were evaluated to determine the minimum diagnostically effective dose.

Results—The proposed imaging sequence was able to achieve statistically significant detection
(p<0.05, n =5) of VEGFR2 in tumors with a minimum MBygggr2 injection dose of only 5 x 104
microbubbles per mouse (DSPC at 0.053 ng/g mouse body mass). Non-specific adhesion of
MBonirol at the same injection dose was negligible. Additionally, the targeted contrast ultrasound
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signal of MByggFr2 decreased with lower microbubble doses, while non-specific adhesion of
MBccontrol increased with higher microbubble doses.

Conclusions—S5 x 10% microbubbles per animal is now the lowest injection dose on record for
ultrasound molecular imaging to achieve statistically significant detection of molecular targets /in
vivo. Findings in this study provide us with further guidance for future developments of clinically
translatable ultrasound molecular imaging applications using a lower dose of microbubbles.

Keywords

Ultrasound molecular imaging; targeted microbubbles; tumor angiogenesis imaging; low-dose
contrast agent; detection sensitivity

Introduction

Ultrasound molecular imaging has been implemented for a number of pre-clinical
applications including the detection of cancers [1], [2] and cardiovascular diseases [3]-[5].
In ultrasound molecular imaging, targeted microbubbles are synthesized by conjugating
ligands to the microbubble shell that specifically bind to molecular targets on the vascular
endothelium, enabling applications for molecular imaging, disease monitoring, and
quantification. [6], [7].

The central technical challenge for ultrasound molecular imaging is to detect and enhance
echo signals derived from molecularly bound microbubbles, while suppressing signals
derived from surrounding tissue and freely circulating microbubbles [8], [9]. Over the
previous two decades, multiple techniques have been developed and tested to achieve this
goal [10]-[16]. Among the current techniques for ultrasound molecular imaging, the most
widely used method in pre-clinical applications is the pre-burst minus post-burst method
[17], [18]. Briefly, it involves the combination of nonlinear signal detection and a specified
waiting period. After initial injection of microbubbles, a specified waiting period of a few
minutes allows microbubbles to attach to the molecular targets on the vessel wall, via ligand-
receptor bonds. The pre-destruction intensity of microbubble signal is measured by
performing contrast mode imaging (e.g. “Contrast Pulse Sequence”) [19] where surrounding
linear tissue signal is eliminated. This pre-destruction intensity is derived from both adherent
microbubbles and freely circulating microbubbles. High intensity destruction pulses are then
transmitted to destroy all microbubbles (both adherent and freely circulating) within the field
of view. After replenishment of freely circulating microbubbles, the post-destruction
microbubble signal intensity is measured again. The difference between the pre- and post-
destruction microbubble intensities represents the signal intensity derived only from
adherent microbubbles. This pre-burst minus post-burst method has been demonstrated to be
effective in many pre-clinical applications including the detection of angiogenesis [20], [21],
cancer [1], [2], inflammation [3], [10], and atherosclerosis [4], [5] (Table 1). To the best of
the authors' knowledge, among all pre-clinical applications of ultrasound molecular imaging,
the minimum injection dose is 1 x 108 microbubbles per rodent [5], [22]. For most tumor
and cancer applications, the injection dose is typically between 1 x 107 to 5 x 107
microbubbles per animal (Table 1).
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To successfully translate ultrasound molecular imaging to clinical applications, certain
improvements are necessary, including an effort to increase detection sensitivity to use the
lowest possible microbubble dose that can still provide sufficient diagnostic information.
Reduction of the dose of the administered contrast agent is always beneficial, simply
because it will further reduce the amount of expensive contrast material and minimize
(already low) probability of undesired side reactions [22]. Ultrasound molecular imaging is
well known for its high detection sensitivity and possesses the capability to detect individual
microbubbles [24]. With higher detection sensitivity, lower doses of ultrasound contrast
material injections could be used to provide similar diagnostic information. Consequently,
improved safety, lower cost, and shorter imaging procedure time may result.

In this study, we improved the pre-burst minus post-burst method by implementing a multi-
frame compounding pulse inversion (PI) imaging sequence to increase detection signal-to-
noise ratio (SNR). The improved ultrasound molecular imaging sequence was evaluated in a
mouse tumor model to achieve a minimum injection dose of only 5 x 104 microbubbles per
mouse.

Materials and Methods

Multi-frame Compounding Pulse Inversion (Pl) Imaging

The multi-frame compounding pulse inversion (PI) imaging sequence involves a
combination of multi-frame compounding with virtual source elements [25], [26] (Figure 1)
and PI [27]. Specifically, twenty-two virtual source elements were defined with a synthetic
aperture of 128 elements, a foci of -35 mm, and a pitch of 60 um (Figure 2A). For a single
transmit event, a negatively focused wave (i.e. a divergent wave due to a negative focus —
placed behind the array's physical surface) was transmitted by one virtual source element.
Each virtual source element transmitted a positive and a negative waveform with a delay of
65 ps (PI principle) [27]. The 22 virtual source elements performed transmissions
sequentially with a constant delay of 65 s, resulting in a total number of 44 transmitted
divergent waves. Coherent compounding of the 44 received waves was performed to
generate one Pl image (Figure 2B). Furthermore, four consecutive Pl images with a constant
delay of 65 ps were coherently summed to generate one multi-frame compounding Pl image.
In total, coherent summation of 176 transmitted divergent waves were performed to generate
one final multi-frame compounding Pl image with a frame period of 11.44 ms. The purpose
of using multi-frame compounding with virtual source elements was to increase imaging
signal-to-noise ratio (SNR) and reduce grating lobe related artifacts [25], [26]. Additionally,
enhancement of non-linear detection sensitivity, through a reduction in noise, was achieved
by summation of multiple Pl images. The sequence continuously imaged for 300 s at a
frame rate of approximately 6 Hz (Figure 2C). All multi-frame compounding PI images
were dynamically saved for later analysis. High intensity destruction pulses were transmitted
from 180 to 185 s to burst microbubbles within the field of view.

The multi-frame compounding Pl imaging sequence was programmed on a Verasonics
ultrasound system (Vantage 256, Verasonics, Kirkland, WA, USA) equipped with an ATL
L12-5 38mm linear array transducer. Imaging (2 cycle) and destruction (15 cycle) pulses
were transmitted at a frequency of 5.68 and 4.46 MHz, respectively. A band-pass filter was
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applied to select receive echo data centered around the second harmonic frequency (11.36
MHz). Acoustic pressures of both imaging and destruction pulses were measured as 286 kPa
(M1 =0.12) and 765 kPa (MI = 0.36), respectively, at a depth of 12 mm using a calibrated
needle hydrophone (HGL-0085, Onda, Sunnyvale, CA, USA).

All animal studies were performed under a protocol approved by the Institutional Animal
Care and Use Committee at the University of Virginia. A tumor model derived from murine
colon adenocarcinoma was used in this study (MC-38, generously donated by Dr. J Schlom,
National Institutes of Health, USA). C57BL/6 female mice (10 months, ~30 g, The Jackson
Laboratory, Bar Harbor, ME, USA) were injected subcutaneously into the hindlimb with 5 x
10° MC-38 cells. Tumors were allowed to grow for up to 12 days.

Imaging was performed approximately 11 days post MC-38 cell injection. Before imaging,
mice were initially anesthetized in the induction chamber using a mixture of 2.5% isoflurane
(Henry Schein, Dublin, OH, USA) and 97.5% air. Then they were transferred to a heated
imaging stage (TM150, Indus Instruments, Webster, TX, USA) in prone position and kept
under anesthesia (inhalation of 2% isoflurane and 98% air mixture) throughout the course of
the experiment. Skin hair above the tumor was removed prior to imaging. A tail vein catheter
was affixed to administer the microbubbles. The location and orientation of the ultrasound
transducer was carefully adjusted to get a clear view of the tumor. The center of the tumor
was maintained at an imaging depth of approximately 10 mm.

Microbubble Fabrication

Biotinylated microbubbles (average diameter = 2.2 um, standard deviation of diameter = 1.5
um, and resonance frequency ~ 4.4 MHz [28]) were prepared by sonicating
decafluorobutane gas (F2 Chemicals, Lancashire, UK) with a micellar dispersion in normal
saline of distearoyl phosphatidylcholine (DSPC, Avanti Polar Lipids, Alabaster, AL, USA),
poly(ethyleneglycol) stearate (Stepan Kessco, Elwood, IL, USA) and biotin-PEG3400-
phosphatidylethanolamine (biotin-PEG-DSPE, Shearwater Polymers, Huntsville, AL, USA)
[29], [30]. Biotinylated microbubbles were placed in vials and sealed under perfluorobutane
headspace for refrigerated storage. Excess unincorporated lipid micellar material was
removed from the microbubbles immediately prior to use by repeated centrifugal flotation in
degassed saline [30].

For VEGFR2-targeted microbubbles used in the study, biotinylated monoclonal anti-
VEGFR?2 antibody (clone Avasl2al, eBioscience, San Diego, CA, USA) was conjugated to
the microbubble shell using streptavidin (60659, AnaSpec, Fremont, CA, USA) [30], [31].
For isotype control microbubbles, isotype control antibody (IgG2a, eBioscience, San Diego,
CA, USA) was conjugated to the microbubble shell. The concentrations of all above
antibodies added were approximately 1.5 pg per 107 microbubbles to obtain maximal
surface coverage [30], [31]. Sequential centrifugal washes in degassed saline were
performed to remove excess biotinylated lipid, streptavidin, and antibodies from the
microbubble shell as described in those references.
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Antibody-decorated microbubbles were prepared immediately before animal experiments.
Concentration and size distribution of microbubbles were measured using a Multisizer 3
Coulter Counter (Beckman Coulter, Brea, CA, USA). For each trial, a bolus injection of 1 x
107 (regular dose), 2 x 10° (low dose), or 5 x 104 (ultra-low dose) microbubbles diluted in
approximately 50 uL sterile saline was administered via the tail vein catheter 5 s after the
start of imaging sequence.

Microbubble Characterization: Main Phospholipid Content

Quantitative estimation of the main microbubble shell component, DSPC, was performed
with a sample of freshly washed biotinylated microbubbles (described above). An aliquot
with a known microbubble concentration, as determined by a Coulter Counter was
lyophilized and re-dissolved in methanol containing 2 mM ammonium acetate; sodium
chloride sediment was removed by centrifugation prior to analysis. Reverse phase high-
performance liquid chromatography (HPLC) (1050Ti pump, 1050Ti autosampler, Hewlett
Packard Agilent, Santa Clara, CA, USA) on a Jupiter 5um C4 300A column (150 x 4.6 mm)
C4 (Phenomenex, Torrance, CA, USA), with evaporative light scattering detector (Alltech
Varex MKIII ELSD, Grace, Columbia, MD, USA) was performed with water/methanol
gradient as described previously [32].

Data Analysis

A region of interest (ROI) was manually selected for each tumor. The signal intensity
profiles were achieved by averaging signal intensity of the focused echo data (multi-frame
compounding Pl image) within the ROI over the course of the imaging sequence (300 s).
The signal intensity profiles from independent trials (n = 5) were then normalized and
averaged. Statistical analysis was then performed on the pre-destruction (at 175 s) and post-
destruction (at 200 s) signal intensities.

Statistical Analysis

Results

All data were reported as mean + standard deviation (SD). Statistical analysis was performed
using the Statistics and Machine Learning Toolbox in MATLAB. Unpaired Student's #tests
were used, and differences were considered statistically significant with a p-value less than
0.05.

Quantification of Microbubble Concentration, Phosphatidylcholine Content and Particle

Mass

Size distribution and concentration of the biotinylated microbubbles used in the study was
determined by a Coulter Counter, and amounted to 2.2 x 10° particles/mL. As the Multisizer
software can re-compute the surface area and volume for each particle passing through the
sensor orifice, assuming spherical shape, the surface area of the particle ensemble was
determined as 27 x 10° um2/mL, and volume of 11 pm3/mL (i.e. 1.1% v/v). Thus, the mean
particle surface area was ~12 pm2, and mean particle volume was 5 pm3. The main shell
component content (DSPC) in this sample amounted to 67 pug/mL, as determined by HPLC.
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Thus, each contrast microbubble particle had 3 x 1014 g of DSPC, and 10° particles had 30
ng DSPC.

Detection of Angiogenesis with a Minimum Dose of 5 x 104 Microbubbles per Mouse

An overview of microbubble doses used in this study is shown in Table 2. Figure 3 illustrates
the representative images of the same tumor under different injection doses of targeted
microbubbles (ranging from 0 to 5 x 10’ MBygger2 Per mouse). B-mode images overlaid
with color-coded multi-frame compounding Pl images (within the ROI) of the tumor. The
color mappings have the same scale for all figures in this paper (0 — 2 x 10* a.u.). At the
conventional dose (5 x 107 microbubbles per mouse), the adherent microbubbles were well
visualized. However, at ultra-low dose (5 x 104 microbubbles per mouse), the adherent
microbubbles were less well visualized. At an injection dose of 2 x 10° microbubbles per
mouse, representative B-mode images overlaid with color-coded multi-frame compounding
Pl images (within the specified ROI) and normalized signal intensity profiles are shown in
Figure 4 (with MBygger2) and Figure 5 (with MBcgnirol)- Based on the multi-frame
compounding Pl images (Figure 4B and Figure 5B), few microbubbles were detected at 15 s
(10 s after injections of microbubbles, approximately at the peak of signal intensity profiles).
The injection dose (2 x 10° microbubbles per mouse) was only approximately 0.4% of the
regular dose (50 x 10% microbubbles per mouse) used in tumor imaging (Table 1). With a
bolus injection of 2 x 10° MByggero, signal intensity remained at a high residual level of
approximately 30% of its maximum (Figure 4E). The pre-destruction (170 — 175 s) signal
intensities were significantly higher than the post-destruction (190 — 195 s) signal intensities
(p<0.0001, n = 10). With a bolus injection of 2 x 10° MBcontrol, Signal intensity decreased
to a low residual level of approximately 5% of its maximum (Figure 5E). There was no
significant difference between the pre-destruction and post-destruction signal intensities.

The average normalized signal intensity profiles for doses of 1 x 107, 2 x 10° and 5 x 104
microbubbles per mouse are illustrated in Figure 6. A bar plot of normalized pre-destruction
(at 175 s) and post-destruction (at 200 s) signal intensities for all groups are shown in Figure
7A. For injection dose of 1 x 107 microbubbles per mouse, pre-destruction signal intensity
was significantly higher than post-destruction signal intensity for both MByggrr2 and
MBcontrol (£ < 0.0001, n =5, Figure 7A). The difference between normalized pre- and post-
destruction signal intensities with MBygger2 (approximate 0.50, Figure 6B) was greater
than that with MBcontrol (@pproximate 0.46, Figure 6A). With 2 x 10° MByggeRro, pre-
destruction signal intensity was significantly higher than post-destruction signal intensity (o
<0.0001, n =5, Figure 7A), with an average difference of approximately 30% of the peak
signal intensity. However, there was no significant difference between pre- and post-
destruction signal intensities with the corresponding MBcgnirol injection. Similarly, with 5 x
10* microbubbles, a significant difference between pre- and post-destruction signal
intensities was only shown with MByeger2 (< 0.05, n =5, Figure 7A). In addition, the
difference between pre- and post-destruction intensities was approximately 20% of the peak
signal intensity. The adherent microbubble signal intensity, which is defined as the
difference between pre-destruction and post-destruction intensities, is illustrated in Figure
7B. There were significant differences between the adherent microbubble signal intensities
of MByeger2 and MBconirol @t 2 x 10° microbubbles per mouse (p < 0.0001, n =5) and 5 x
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10* microbubbles per mouse (p < 0.05, n = 5). However, at 1 x 107 microbubbles per mouse,
the non-specific adhesion of microbubbles was significant, and approached that of the
targeted adherent microbubbles. In conclusion, the proposed method of multi-frame
compounding Pl was able to differentiate targeted microbubble adhesion from freely
circulating microbubbles with statistical significance at a minimum dose of only 5 x 104
microbubbles per mouse.

Discussion

Ultrasound molecular imaging is known for its high detection sensitivity of microbubbles
(single microbubble detectable) [24]. With higher detection sensitivity, a lower dose of
microbubble injection may be used to provide similar diagnostic information. Decreasing the
minimum microbubble injection dose could be beneficial in reducing cost, and potentially
beneficial in reducing dose-dependent side effects. Quantifying a minimal injection dose of
microbubbles could be valuable information that will advance further development of
molecular imaging techniques. Consequently, this study focused upon evaluation of the
minimum dose of microbubbles necessary to provide statistically significant detection of
VEGFR?2 expression in a mouse tumor model.

Microbubble Shell Phospholipid Mass and Mass of Other Components

It has been assumed in the literature that microbubbles are stabilized with a lipid shell that
has a monolayer structure [33]. In this study, we have quantified the amount of the main
lipid component of the microbubble shell, DSPC, after the excess of free micellar
nanoemulsion has been washed away from the microbubbles used for imaging study. In the
literature, it has been reported that each DSPC molecule in a condensed lipid membrane
occupies a surface area of ~ 0.5 nm?2 [34]. Based on the microbubble surface area, as
determined by a Coulter Counter, this translates to the DSPC mass per particle of 3.2 x 1014
g which is close to the 3 x 10"14 g we obtained using HPLC quantification. Detection
sensitivity of our HPLC method currently does not allow quantification of PEG stearate and
biotin-PEG-DSPE in the microbubble shell following centrifugal wash. These were inferred
from the assumption that the mass ratios in the initial aqueous media and in the microbubble
shell are the same, which essentially doubles the shell mass. The amounts of streptavidin and
biotinylated antibodies attached per microbubble that is reported in the literature is listed as
a range, from approximately 1 x 10° [35] to 3 x 10° [31], [36]. Based on the number of
biotin residues per microbubble that we obtain from the surface area and the biotin : DSPC
molar ratio data, assuming 1 : 1 : 1 for biotin : streptavidin : antibody ratio, for the
microbubbles of the reported size and surface, the number is calculated as approximately 2.1
x 10° per microbubble, thus, approximately doubling the mass of the particle again. Overall,
from these calculations, the combined mass of the microbubble shell and targeting ligand
components is about 4.4-fold higher than the mass of DSPC alone. We did not measure the
mass of perfluorocarbon gas in this microbubble formulation. And we only estimated the
microbubble particle volume with Coulter counter as approximately 5 um3. If we assume
that there is no other gas in the core, and the reported decafluorobutane density is 11.2
mg/mL, this converts to mean decafluorobutane mass per microbubble of approximately 5.6
x 1014 g. it is known that low-boiling perfluorocarbons leave the body quite rapidly, by

Invest Radliol. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 8

exhalation via lungs, and thus should not be of concern for long-term retention in the body
[17], [37]. In any case, the sum of masses of all the shell components and gas in each
microbubble should not exceed 0.2 pg.

Minimum Microbubble Dose of 5 x 10 for Detection of Angiogenesis

The minimum dose for detection of angiogenesis demonstrated in this study was 5 x 104
microbubbles per mouse, which is 0.1% of the regular dose (5 x 107 microbubbles per
mouse) for tumor imaging [1], [12], [21], and 5% of the minimum dose (1 x 10°
microbubbles per mouse) ever published for tumor imaging [22]. Contributions were made
from the following aspects: (1) By coherently compounding echo data from 176 divergent
beam transmits, the multi-frame compounding PI significantly increased SNR and detection
sensitivity of microbubbles. Using multi-frame compounding PI imaging, it was possible to
distinguish individual microbubbles at very low doses (2 x 10° and 5 x 10% microbubbles per
mouse) (Figure 4B and 3B). Additionally, individual microbubbles moving in or out of the
imaging plane caused detectable variations of signal intensity (Figure 4E). (2) The
microbubbles used in this study were based on phosphatidylcholine as the major shell
component [6]. Most targeted microbubble formulations are based on this flexible shell
material. However, rigid albumin-shelled microbubbles tend to break (or rupture) and the
resulting shell fragments do not reform a stable shell [38]. In summary, from the range of
shell properties of various types of microbubbles, lipid-shelled microbubbles have the
necessary stability to provide consistent acoustic response, and thus generate more
backscatter as a contrast agent. Additionally, the ligand-receptor pair (VEGFR2 and anti-
VEGFR? antibody) in this study is widely used and has demonstrated efficacy in pre-clinical
studies of angiogenesis detection [2], [12], [20], [21]. (3) The acoustic parameters in the
proposed imaging sequence were fully optimized. Firstly, the intensity of imaging pulses
(M1 = 0.12) was optimized to achieve high SNR while preventing destruction of adherent
microbubbles. Secondly, the length of the waiting period (175 s, time between microbubble
injection and application of destruction pulses) was minimized while allowing for sufficient
binding of microbubbles.

Binding Efficacy Decreased with Lower Microbubble Dose

According to Figure 6B, Figure 6D, and Figure 6F, the percentages of adherent microbubble
signal to saturation signal intensities decreased with lower microbubble doses
(approximately 50% at 1 x 107, 30% at 2 x 10°, and 20% at 5 x 10 microbubbles per
mouse). Lower concentration of freely circulating microbubbles resulted in lower contact
probability between microbubbles and molecular targets on vessel wall, and thus lower
binding efficacy of microbubbles. In order to increase the binding efficacy of microbubbles
at very low dose, acoustic radiation force (ARF) could be used [39]-[41]. Previous studies
demonstrated enhanced microbubble binding in ultrasound molecular imaging with the
assistance of ARF [42], [43]. Additionally, instead of using single ligand targeted
microbubbles (VEGFR2-targeted), multi-ligand targeted microbubbles (e.g. VEGFR2, a.,f3-
integrin, E-selectin) [36], [44] could be used to further increase binding efficacy, resulting in
lower minimum microbubble doses.
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Non-specific Adhesion Increased with Higher Microbubble Dose

With injection of control microbubbles, the difference between pre- and post-destruction
signal intensities represented the non-specific adhesion of control microbubbles [20], [45].
At injection doses of 2 x 105 and 5 x 10* microbubbles per mouse, the non-specific adhesion
level was negligible (Figure 7). However, at a higher dose (1 x 107 microbubbles per
mouse), non-specific adhesion was statistically significant (o < 0.0001). Previous studies in
tumors demonstrated that at different doses (5 x 107 [21] and 2 x 107 microbubbles per
mouse [46]), a separate control microbubble injection was required to estimate the non-
specific “background” signal. This control microbubble injection prolonged the imaging
procedure due to lengthy waiting periods to clear the previously injected microbubbles. At
the injection doses lower than a certain threshold (e.g. 2 x 10° and 5 x 10* microbubbles per
mouse), the non-specific adhesion could be negligible, and thus the separate control
microbubble injection could be eliminated, resulting in a simpler and shorter imaging
procedure.

Limitations of the Study

The ultra-low-dose data presented in this paper was based on non-clinically translatable
microbubbles (with streptavidin linker between biotinylated microbubble and biotinylated
antibody) in a mouse model, and cannot be applied to clinically translatable microbubbles
(e.g. BR55) directly without further studies. Additionally, we did not perform any safety or
toxicity studies at the presented doses of microbubbles. The study was designed to examine
sensitivity and efficacy, but safety. However, the therapeutic index of microbubble contrast
appears promising. There is already sufficient literature data claiming that microbubbles are
considered safe for humans at higher doses than our applied maximum, e.g. reference [47],
where almost a billion microbubbles per kg was administered in humans. Additionally, much
higher weight normalized doses have been safely administered in rodents.

Verasonics programmable ultrasound system with custom designed graphic user interfaces
(GUIs) was used in this study. Real-time monitoring of signal intensity within the tumor was
achieved without any off-line data processing. Microbubbles were prepared and conjugated
with anti-VEGFR2 antibody in-house via the standard streptavidin coupling technique [30],
[31]. However, usage of a clinical ultrasound scanner and clinically approved VEGFR2-
targeted microbubbles (when they become available) would facilitate clinical translation of
this technique.

We only quantified DSPC and did not measure the contents of the other components of the
microbubble shell, such as PEG stearate and biotin-PEG3400-DSPE, due to current
limitations of our HPLC procedure. While those molecules comprise a smaller fraction of
the surface and particle mass than DSPC, accounting for their presence may provide better
precision of the estimate of the particle shell mass, and may account for the minor
discrepancy between the mass data obtained by HPLC and by the particle surface area
estimate.

Additionally, we only estimated the mass of other components of microbubble, such as
streptavidin and antibody, and we did not account for the amount of decafluorobutane gas in
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the microbubble core. Further studies should be conducted to achieve mass measurements of
all the components of microbubbles, especially the ones suited for clinical translation.

Conclusion

In this study, ultrasound molecular imaging with a custom designed multi-frame
compounding Pl imaging sequence and VEGFR2-targeted microbubbles was performed to
achieve detection of angiogenesis in a mouse tumor model with a minimum dose of 5 x 10%
microbubbles per mouse (DSPC at 0.053 ng/g mouse body mass). This is the lowest
published microbubble dose on record for ultrasound molecular imaging to achieve
statistically significant detection of molecular targets /7 vivo. Findings in this study provide
us with guidance for future development of clinically translatable ultrasound molecular
imaging applications using a lower dose of microbubbles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic diagrams illustrating the image formation of multi-frame compounding with
virtual source elements

A, Divergent waves are transmitted by the virtual source elements sequentially. A given sub-
aperture is assigned to each virtual source element. B, Full aperture is assigned for receive
from each virtual source element. Coherent compounding of all image frames is performed
to form one final image.
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Figure 2. Schematic diagrams of the detailed multi-frame compounding pulse inversion imaging
sequence

A, 22 virtual source elements transmit divergent waves sequentially. 44 transmitted pulses
(one group of PI pulses) are used to generate one Pl image. The time interval between two
consecutive pulses is 65 us. B, 4 consecutive groups of PI pulses (176 single pulses) are used
to generate one multi-frame compounding Pl image. The time interval between two
consecutive groups of PI pulses is 65 ps. C, Multi-frame compounding P1 imaging is
performed for 300 s at a frame rate of approximately 6 Hz. High intensity destruction pulses
are transmitted from 180 to 185 s.
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Figure 3. Representative images of the same tumor under different injection doses of targeted
microbubbles

A, no injection; B, 5 x 10* MByggrr2; C, 2 X 10° MByegere; D, 1 % 108 MByegero; E, 1
x 107 MByggrr2; F, 5 X 107 MByEegeRr2. B-mode images overlaid with color-coded multi-
frame compounding PI images (within the ROI) of the tumor for injection of MByggrro-
Green lines define the ROI of the tumor. Images were taken approximately 20 s after the
injection of microbubbles. Scale bar in A represents 2 mm.
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Figure 4. Representative images and normalized signal intensities for targeted microbubbles (one
trial at 2 x 10° microbubbles per mouse)

A — D, B-mode images overlaid with color-coded multi-frame compounding PI images
(within the ROI) of the tumor for injection of MByggpro. Green lines define the ROI of the
tumor. E, Normalized signal intensity profile of the ROI for injection of MByggrro.
Microbubble injection was performed 5 s after the start of imaging sequence. Destruction
pulses were transmitted from 180 to 185 s.
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Figure 5. Representative images and normalized signal intensities for control microbubbles (one
trial at 2 x 10° microbubbles per mouse)

A — D, B-mode images overlaid with color-coded multi-frame compounding Pl images
(within the ROI) of the tumor for injection of MBcgnirol- Green lines define the ROI of the
tumor. E, Normalized signal intensity profile of the ROI for injection of MBcgnirol-
Microbubble injection was performed 5 s after the start of imaging sequence. Destruction
pulses were transmitted from 180 to 185 s.
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Figure 6. Average signal intensity profiles for the pre-burst minus post-burst method
A, 1 x 10" MBcontrol Per mouse; B, 1 x 107 MByggrrz per mouse; C, 2 x 10° MBgonro Per

mouse; D, 2 x 10° MByggrr2 per mouse; E, 5 x 104 MBcontro Per mouse; F, 5 x 10%
MByveger2 per mouse. Solid lines indicate the mean and shadows indicate the error bars
(mean = standard deviation). Microbubbles were injected at 5 s. Destruction pulses were
transmitted from 180 to 185 s. Pre- and post-destruction signal intensities are defined at 175
s and 200 s, respectively.
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Figure 7. Pre- and post-destruction signal intensities and adherent microbubble signal intensities
A, Bar plot of normalized pre-destruction (white bar, 175 s) and post-destruction (gray bar,

200 s) signal intensities at different microbubble doses. B, Bar plot of adherent microbubble
intensities (defined as pre-destruction minus post-destruction signal intensities) at different
microbubble doses. (** p< 0.0001, * p< 0.05)

Invest Radliol. Author manuscript; available in PMC 2017 December 01.



Page 20

Wang et al.

[l 0T xT 151ng-1s0d snuiw 1sing-aid SdD  T-INVDA ‘undsjes-d BLIOR J102J0U} ‘3SNON  SIS0I3[2S0I8YIY
[v] 0T xT 151ng-1s0d snuiwi 1sing-aid SdD T-INVOA BLIOR 2108J0U} ‘SN0 SISOI3[2S0IaYIY
[€] 0T xT 151ng-1s0d snuiw 1sing-aid SdD u199|8s-d Jeay ‘asno uoleWIWeU|
[g2] 90T x § 154ng-1s0d snujw 1sing-aid SdD SINIRETEN Meay ‘rey uoljewweu|
[oT] 90T x §°C 1sing-1sod snulw 1sing-ald  dpoW Iseu0D T-INVDI ueay ‘1ey uolewiweu|
[2] 40T x G 151ng-1s0d snulw 1sing-ald  apow 1sesuod 24493A seasoued ‘asnoj 190ue)
[1] 10T %x§ 151ng-1s0d snuiw 1sing-aid SdD 24493A  spuelb Arewwew ‘9snopy 130ue)
[zl 0T xT 154ng-1s0d snujw 1sing-aid apow-g unosles-3 Jowny ‘asno sisauafolbuy
[z1] 10T %G poysw paseq awil-|[aMmp ised SdD 24493AN Jown) ‘asno sisauabolbuy
[1e] 0T x§ 154ng-1s0d snujw 1sing-aid apow-g €' ‘zy493A Jowny ‘asno sisauafolbuy
[oz] ,0T x8'€ 151ng-1s0d snuiw 1sing-aid apow-g 24493AN Jowiny ‘asnojA sisauabolbuy
aoualayey  (jewiue 4ad sa|ggnQoLdIN) 8s0g  UOIIR|OSI 9]qqNngodiw Jualaypy  apow Buifew| 196.e) JeINJs|oN |apow [ewiuy uoneslddy

Author Manuscript

T alqeL

Author Manuscript

BuiBewi sepndsjow punosedljn Jo suonedljdde jeaiuljo-aud

Author Manuscript

Author Manuscript

Invest Radliol. Author manuscript; available in PMC 2017 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

Table 2

Overview of microbubble doses used in this study

Page 21

Microbubbles per mouse Mouse body Microbubbles per mouse body weight Phosphatidylcholine (ng) per mouse body
weight (g) (9 weight (g)
5x10% 28.3+14 (1.7+0.1) x 103 (5.3+0.1) x 102
2x105 286+1.9 (7.0+0.4) x 108 (21+0.1) x 102
1x107 29.7+18 (3.4+0.2) x 10° (1.0£0.1) x 10t
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