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Diagnosing tumors at an early stage when they are easily curable and may not require systemic
chemotherapy remains a challenge to clinicians. In order to improve early cancer detection, gas ﬁlled
hollow boron-doped silica particles have been developed, which can be used for ultrasound-guided
breast conservation therapy. The particles are synthesized using a polystyrene template and subsequently calcinated to create hollow, rigid nanoporous microspheres. The microshells are ﬁlled with
perﬂuoropentane vapor. Studies were performed in phantoms to optimize particle concentration,
injection dose, and the ultrasound settings such as pulse frequency and mechanical index. In vitro studies
have shown that these particles can be continuously imaged by US up to 48 min and their signal lifetime
persisted for 5 days. These particles could potentially be given by intravenous injection and, in
conjunction with contrast-enhanced ultrasound, be utilized as a screening tool to detect smaller breast
cancers before they are detectible by traditional mammography.
Ó 2012 Elsevier Ltd. All rights reserved.

Keywords:
Ultrasound
Nano
Silica
Shells
Imaging
Contrast

1. Introduction
Excising non-palpable breast cancers in breast conservation
therapy is difﬁcult because surgeons must rely on mammographic
localization. Wire localization has been the standard method to
localize non-palpable tumors, but the reported positive margin
rate from wire-localized excisions of breast cancers is approximately 20e50% [1e3]. This poor performance is partly due to wire
movement during patient transport to the operating room as well
as manipulation during surgery which results in positive margins
with wire localization. Radioactive seeds have also been used for
breast conservation therapy with a substantial improvement in
performance relative to guide wires [4,5]. Unfortunately, these
seeds are rarely used due to short radioactive half-life and the need
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to expose both the patient and the operating room personal to
radiation. Our proposed method of localizing tumors with nanoparticles detectable with ultrasound (US) has two main advantages: no radiation risk, and it allows for multiple injections to
better outline the tumor and its margin for the surgeon to reorient
during surgery to ensure complete tumor removal. A recent survey
study of breast surgeons practicing in community hospital settings
has shown that at least one third are already routinely using intraoperative US [6]. Therefore a new technology that improves US
performance could not only replace an older technique that
utilizes radioactivity, but could also be readily implemented by
clinicians.
Mammographic screening has been shown to decrease
mortality rates by 15e25% in several large randomized prospective
studies, however, mammographic sensitivity is impaired for noncalciﬁed masses in radiographically dense breast tissue [7]. This
data suggests that further improvement in screening accuracy
could increase survival. In North America, breast US is most often
a targeted examination, limited to the area of concern based on
palpation or mammography. MRI has been extremely beneﬁcial for
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screening high-risk women for breast cancer, evaluating silicone
implants, and monitoring response to neoadjuvant chemotherapy.
MRI is starting to be employed preoperatively to determine
a patient’s eligibility for breast conservation therapy. Unfortunately,
there has not been a demonstrated beneﬁt to pre-operative MRI for
improving outcomes of breast conservation, and pre-operative MRI
is an expensive procedure with a relatively high false positive rate
leading to more biopsies and increasing rates of mastectomy [8]. At
present, whole breast US screening can reliably detect w10 mm
diameter tumors [9]. For lesions that remain equivocal after
mammographic and standard US evaluation, it has been postulated
that contrast-enhanced US (CEUS) could be the problem-solving
method [10e12]. The nano/microparticles may be useful for both
diagnosis of w1 mm diameter breast tumors and intra-operative
localization to insure complete resection.
Microbubble based contrast agents are clinically used to
enhance the US echo signals. All commercially manufactured US
contrast agents have lipid, polymer or protein shells encapsulating
either air (Albunex, Levovist, Sonovist) or perﬂuorocarbon gas
(Deﬁnity, Optison) [13]. These microbubbles generate signiﬁcant
contrast at relatively low acoustic pressure with the color Doppler,
power Doppler, or contrast speciﬁc imaging techniques available on
commercial US systems [13,14]. US pulses, particularly at microbubble resonance induce microbubble destruction at mechanical
indices (MI) below 0.3 e MI is a measure of US energy that is the
ratio of peak negative pressure and the square root of the transmit
frequency. Microbubble destruction causes a decorrelation
between two consecutive US pulse that is visible as color on
Doppler imaging that has been termed stimulated acoustic emission (SAE). While microbubble destruction can also be detected
with contrast speciﬁc imaging methods, these techniques were
developed to detect the non-linear behavior of microbubbles when
exposed to non-destructive US pressures at very low MI [14].
Because tissues respond linearly to US, these techniques are
extremely sensitive to the presence of microbubbles and can detect
a single microbubble. The non-linear response of microbubbles is
related to their ability to expand and contract when exposed to US,
which is controlled by the elasticity of the encapsulating shell. Our
silica shell is rigid and would not be expected to respond nonlinearly; however, the shell was designed to fracture at a given
US pressure to not only create a signal on Doppler imaging by SAE,
but the release perﬂuorocarbon gas that is able to expand and
contract will generate non-linear signals until it dissolves. Both
linear and non-linear signals can be generated from microbubbles
depending on particle properties (shell material, shell thickness,
encapsulated gas, particle radius, etc.) and the applied signal
(pressure, frequency, waveform, etc.) [15]. Tiemann et al. demonstrated that using SAE of air ﬁlled cyanoacrylate microbubbles,
a high signal is obtained using Doppler imaging from a stationary
bolus of particles which have been cast into gelatin [16]. However,
the continuous imaging time is brief and the particles are not
entirely uniform in size.
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As described in a previous report, our group has developed
hollow perﬂuoropentane ﬁlled silica shelled particles with a highly
uniform size, which can be made from 0.1 to 2 mm in size that can
be used as a US contrast agents detectable by Doppler imaging as
well as contrast speciﬁc imaging for extended periods of time [17].
The rigid shells of these particles allows for extended storage and
in vivo survival. These hollow silica and silica-boron nano/microparticles can be used as imaging tools in 2-photon microscopy,
ﬂuorescence microscopy as well as US imaging [17,18]. This article
reports on the continuous imaging time of these hollow silica
microparticles, their persistence in vitro and in vivo, their dependence on the US frequency used in clinical US, the mechanism of
imaging, and a demonstration of the imaging technique of silica
and silica-boron particles systemically for US imaging in tumor
bearing mice.
2. Materials and methods
Tetramethyl orthosilicate (TMOS), trimethyl borate (TMB), perﬂuoropentane
(PFP), and 0.1% poly-L-lysine (PLL) were purchased from Sigma Aldrich (St. Louis,
MO). Polystyrene templates were purchased from Polysciences (Warrington, PA).
Phosphate buffered solution (PBS) was purchased from Fisher Scientiﬁc (Pittsburgh,
PA). Micro and nanoshells were tested on two different commercially available US
machines. The machines employed were the Siemens Sequoia 512 equipped with
Cadence contrast pulse sequencing (CPS) and the Philips iU22. The transducers used
were the Acuson 15L8 and Philips L12-5 that are used for breast US imaging. During
imaging of particles, US parameters (ﬁlters and gains) were optimized in order to
maximize signal from particles while reducing background in all cases as is done
clinically.
For testing of locally injected microshells, nanoshells and microbubbles, a rabbit
model was employed. Four female New Zealand White Rabbits weighing 5 kg each
were housed individually in a UCSD approved animal housing facility. Rabbits were
fed a commercial pelleted diet (Harlan Tecklad) ad libitum and kept at 20  C with
a 12 h light/dark cycle. During scans, animals were anesthetized with isoﬂurane gas
with medical air. All animal care and procedures were approved by the UCSD
Institutional Animal Care and Use Committee.
For testing of systemic injection of micro and nanoshells, tumor bearing mice
were employed. Five week old female nu/nu mice were purchased from Charles
River Labs and housed in a UCSD approved animal housing facility. Animals were fed
Harlan Tecklad rodent feed and kept at 22  C with a 12 h light/dark cycle. After an
acclimation period of ten days, 106 IGROV-1 cells were injected IP into each mouse
and the animals were scanned approximately ﬁve weeks later. Mice were anesthetized with isoﬂurane gas and sacriﬁced by CO2 asphyxiation after the
experiments.
Particles were synthesized as previously described in the literature [17,18,22].
The uniformity of the particles was checked by scanning electron microscopy as
shown in Fig. 1. Particles of all sizes were stored dry until needed. Prior to US
experiments, particles were weighed and ﬁlled with perﬂuoropentane gas as
previously described in the literature and suspended in ultrapure ﬁltered water [17].

3. Results
Initial experiments were performed in order to establish the
optimal imaging parameters for the particles with clinical US
equipment. The Philips iU22 US scanner was used for imaging with
the L12-5 transducer. A 50 ml bolus of 2 mm diameter particles at
a concentration of 2 mg/ml was injected into chicken breast
phantoms. With color Doppler imaging, the minimum detectable

Fig. 1. SEM images of porous hollow silica nano and microshells prepared using a templating sol-gel process. (A) 100 nm diameter nanoshells; (B) 500 nm nanoshells; (C) 2 mm
microshells. Note: all have a shell thickness of w10 nm and a uniform size distribution.
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Fig. 2. Continuous imaging time in a chicken breast phantom. A 50 ml bolus of 2 mg/ml
of 2 mm sized gas ﬁlled nanoshells were injected into chicken breast tissue and imaged
continuously under color Doppler with different mechanical indices until no usable
signal was detectable. The continuous imaging time was greater at low mechanical
index.

signal was found at an MI of 0.6, and the maximum allowable MI
was 0.8 due to the focus constraints of the transducer. To determine
the continuous imaging time, the transducer was ﬁxed using
a mechanical arm and the particles were imaged continuously with
color Doppler until no signal could be detected. As shown in Fig. 2,
the continuous color Doppler imaging time was at least 45 min
with low MI of 0.6, but dropped to 18 min at MI 0.8, which was
consistent with the expectation that fewer particles were destroyed
per US pulse at a low MI.
The in vitro imaging lifetime of the particles was investigated by
monitoring the color Doppler signal decay over time to assess gas
retention within the particles. A 50 ml solution of 2 mg/ml of 2 mm
particles were injected into the 25  C chicken breasts and imaged
for brief periods over the course of 120 h using the color Doppler
mode of the Philips iU22; the chicken breasts were kept at 25  C
between imaging. The color Doppler data was collected and
analyzed for signal area degradation over time. As shown in Fig. 3,
a 50 ml injection containing 100 mg of particles retained signiﬁcant
signal for ﬁve days. This data is consistent with the extremely low
diffusion of the perﬂuoropentane gas within intact particles which
has been corroborated in in vivo studies.
The optimal US frequency for imaging the particles with a clinical probe was determined using the Siemens Sequoia US machine
and 15L8 transducer. 50 ml of 2 mm particles were injected in
a chicken breast phantom and imaged with color Doppler at
a frequency between 7 and 14 MHz. Particles were imaged very
brieﬂy while cycling through the frequency range in order to
reduce the fraction of particles being extinguished. As shown in
Fig. 4, as the frequency was decreased, the signal area produced by

the particles increased signiﬁcantly. The data was ﬁtted to several
functional forms; the correlation with minimal error was an
exponential function. Frequencies below 7 MHz were not investigated because the loss of spatial resolution makes these frequencies
impractical for breast imaging.
In order to analyze particle behavior as a function of US pressure, CPS imaging was employed. Although Doppler imaging
produces a more robust signal, CPS allows us to assess individual
events. The 500 nm and 2 mm gas ﬁlled shells were diluted to
0.1 mg/ml and each inserted into a thin wall acoustically transparent chamber and clamped in a water bath. The 15L8 transducer
was ﬁxed using a mechanical arm in the water bath perpendicular
to the chamber to produce clear images of the sample. As the MI
was increased from 0.06 to 1.9 (maximum allowed MI by the FDA),
an increasing amount of signal was observed (see Fig. 5A and B).
The image brightness in CPS mode corresponds linearly with the
number of decorrelation events. In Fig. 5A and B, the fracturing of
particles resulted in gold specks which correspond to echo
decorrelation events and the resultant signal from the free gas. As
the MI was increased, the number of gold specks per area
increased dramatically, indicating greater number of particles
fractured. As shown in Fig. 5C and D, when the MI was increased
stepwise, the signal brightness would reach a local maxima and
decay until the MI was again increased. When the reverse experiment was performed (Supplemental Fig. 1) by starting with high
MI imaging and progressing to low MI imaging, no peaks were
observed in the CPS signal; instead, a monotonic decrease in signal
was observed. The data is consistent with the existence of
subpopulations of particles each of which have a different MI
threshold that fractures its shell.
Four New Zealand White Rabbits were used to study the
behavior of the particles in vivo over ﬁve days. 50 ml of either 2 mg/
ml of 2 mm and or 2 mg/ml of 500 nm particles were injected into
both thighs. 50 ml of deﬁnity microbubbles, a commercially available US contrast agent, were injected at a concentration of 108
microbubbles/ml or 1010 microbubbles/ml as controls to duplicate
the particle concentration of 100 mg of the 2 mm and 500 nm
particles, respectively. Controls and both shell sizes were imaged
using the Siemens Sequoia at an MI of 1.9 and a frequency of 7 MHz
for optimal particle detection.
As can be seen from Fig. 6, commercially available microbubbles
could only be imaged within a few minutes of the injection on Day
0. Conversely, both the gas ﬁlled 2 mm and 500 nm shells could be
detected for four days in vivo after the initial injection. Moreover,
this in vivo data is highly correlated to the previous results shown in
an in vitro model, consistent with the hypothesis that the perﬂuoropentane gas does not readily diffuse out of the particles both
in vitro and in vivo. Furthermore, as can be seen from Fig. 6, while
the signal diminishes over several days, signal decay is substantially

Fig. 3. Persistence in a phantom. (A) Color Doppler image (CDI) of 50 ml of 2 mg/ml 2 mm gas ﬁlled microshells after injection into a chicken breast phantom kept at 25  C. (B) CDI
96 h after injection. (C) CDI signal area vs. time. As seen here, there was substantial signal present from the same injection up to 120 h after initial injection which was consistent
with high gas retention, high in vitro stability, and low color Doppler signal decay.
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Fig. 4. Area of CDI signal vs. transducer frequency. A 50 ml bolus of 2 mg/ml 2 mm of gas
ﬁlled microshells were injected into a chicken breast phantom and imaged at multiple
frequencies using a 15L8 Sequoia transducer. As frequency decreased, signal area
increased exponentially. The red dots are the raw data points and the black line is the
ﬁtted equation. f ðxÞ ¼ 0:74 e0:38x þ4:13  1014 e4:9x r 2 > 0:99. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

similar to the in vitro data suggesting that blood ﬂow and muscle
movement have a minimum effect on particle and/or gas loss. The
results shown in Fig. 6 also indicate that the particles do in fact stay
stationary once injected into tissue and do not excavate from the
injection site despite being in a high strain zone such as thigh
muscle tissue.
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Two nu/nu mice with intraperitoneal IGROV-1 ovarian tumors
were used to study the US behavior of particles when given
systemically. Prior to particle delivery, excess ﬂuid from the peritoneal cavity was drained to reduce ﬂuid pressure to reduce the
likelihood that the particles could leak out of the needle tract.
200 mg of PFP ﬁlled 2 mm or 500 nm particles were diluted into 3 ml
of saline and injected into the peritoneum. Intraperitoneal injections have been previously been used for systemic delivery in
murine models [19e21]. The particles were imaged at high MI
using CPS imaging intermittently over 2 h.
The particles were tested for their ability to accumulate
within a tumor and be imaged by CEUS. As shown in Fig. 7A,
these mice have advanced cancer with an approximately 1 cm
tumor mass (red arrow); however, due to the large size of the
tumor it is possible to image through the tumor with great
conﬁdence. In Fig. 7BeD acquired in the transverse plane, the
bottom boundary seen in the image (blue arrow) is actually the
bottom of the mouse and the mound like region on the bottom
(green arrow) is the spinal column. Visualizing the particles with
CPS in an individual frame is extremely difﬁcult because: 1) with
high MI CPS imaging, background tissue signal is not completely
suppressed; and 2) the signal from each particle event persists
for a few frames and is dynamic. Image processing techniques
were used to generate Fig. 7D which (a) corrects motion due to
movement of the transducer and the breathing of the mouse, (b)
selects the signal from single particles by applying a high-pass
ﬁlter, (c) integrates the particle signal from the entire series of
frames acquired over the same location, and (d) displays the
signal from the particles as a red-yellow heat map superimposed
on the gray scale B-Mode image. As can be seen from Fig. 7D,
signal generated by the particles could be seen speciﬁcally in the
tumor 1 h after injection.

Fig. 5. Effect of ascending mechanical index (MI) on CPS imaging of gas ﬁlled silica nano and Microshells. Particles were imaged using CPS mode with MI scaling from 0.06 to 1.9. (A)
CPS image of 100 mg/ml of gas ﬁlled 2 mm microparticles at MI ¼ 0.87. Each gold speck is a single event (white arrows). (B) CPS image 100 mg/ml of gas ﬁlled 2 mm microparticles at
MI ¼ 1.4. The large density of gold specks corresponds to a large number of particles being imaged. (C) Signal brightness plotted against MI for 2 mm gas ﬁlled microshells. (D) Signal
brightness vs. MI for gas ﬁlled 500 nm silica nanoshells. Note that the 500 nm particles generated less signal than the 2 mm particles at the same MI.
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Fig. 6. Persistence in an in vivo model. 50 ml of control microbubbles, 2 mm shells and 500 nm shells were injected into New Zealand White Rabbit thighs and imaged over the course
of four days. Shown in the left columns are the control microbubbles; 50 ml were injected containing 108 microbubbles/ml. All injections were imaged at an MI of 1.9 at 7 MHz with
color Doppler using the Siemens Sequoia. Day 0 corresponds to imaging within 15 min of the injection. Note that signal persisted for 4 days when either formulation of silica
particles were injected. Microbubbles given as 108 (left column) or 1010 (not shown) could not be detected 1 day after injection.

4. Discussion
It has been shown in vitro that 2 mm diameter gas ﬁlled silicaboron microshells have a maximum continuous imaging time of
48 min and an in vitro lifetime up to 5 days. It has been

demonstrated that the 2 mm gas ﬁlled particles exhibit a frequency
dependent behavior in which lower clinical US frequencies are
favorable for detection, but at 7 MHz, which is applicable for breast
imaging, an adequate signal can be achieved at very low particle
concentration. The variation in signal with varying MI is consistent

Fig. 7. Testing of gas ﬁlled silica microshells in a Mouse. (A) Dissected nu/nu mouse with an interperitoneal IGROV-1 ovarian tumor (red arrow white mass on right side of image).
200 mg of 2 mm silica shells diluted into 3 ml of saline and injected into the peritoneum and then perfused into the blood. (B) CPS imaging of the particles through a cross section of
the tumor 1 h after quasi IV injection. (C) B-mode image through a cross section of the tumor 1 h after quasi IV injection. (D) Overlay image using several frames from CPS imaging
and B-mode to show an integrated heat map of signal from the particles. For all the images, the red arrow points to the tumor, the green arrow points to the spinal column and the
blue arrow points to the bottom of the mouse. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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with the existence of subpopulations of particles with varying
mechanical strength. In vitro lifetime data has been corroborated
with an in vivo experiment in rabbit thighs demonstrating that the
signal generated by the microshells remains detectable for several
days. Finally, we showed the feasibility of imaging tumors in vivo
when a 200 mg dose of 2 mm shells was given intraperitoneally to
IGROV-1 tumor bearing mice.
After the 500 nm or 2 mm particle signal was diminished with
continuous US imaging, more signal could be generated by
increasing the MI. This behavior is consistent with the existence of
subpopulations within each given sample that have slightly variable mechanical strengths. This phenomenon may be greatly
advantageous in extending the operating imaging time. It is
possible to image particles for a period of time at low MI and as the
signal diminishes, the MI can be raised slightly further extending
the amount of time usable signal is present.
5. Conclusions
For marking and resecting tumors, the duration of continuous
US imaging must be long enough to allow the surgeons ample time
to reorient themselves for accurate resection. The long in vitro and
in vivo lifetime of gas ﬁlled silica nano and microparticles allows the
particles to be injected over 24 h before the surgery, allowing
greater ﬂexibility for surgical logistics and a heightened level of
patient comfort avoiding the use of painful guide wires. Furthermore, in vivo tests showed that the particles stay stationary in the
injection site even with constant use of a high strain muscle,
indicating that these particles can be used as stationary guidance
markers. The tests performed using clinical transducers with two
different commercial US systems established that these particles
can be integrated with existing technologies.
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