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ABSTRACT |Molecular imaging is a novel tool that has allowed

noninvasive diagnostic imaging to transition from gross

anatomical description to identification of specific tissue

epitopes and observation of biological processes at the cellular

level. Until recently, this technique was confined to the field of

nuclear imaging; however, advances in nanotechnology have

extended this research to include magnetic resonance (MR)

imaging, positron emission tomography (PET), single photon

emission computed tomography (SPECT), and ultrasound (US),

among others. The application of nanotechnology to MR,

SPECT, and US molecular imaging has generated several

candidate contrast agents. We discuss the application of one

multimodality platform, a targeted perfluorocarbon nanopar-

ticle. Our results show that it is useful for noninvasive detection

with all three imaging modalities and may additionally be used

for local drug delivery.

KEYWORDS | Contrast agent; multiplatform contrast agent;

targeted contrast; tumor imaging

I . INTRODUCTION

Recent advances in genomics and molecular biology have
created an unprecedented opportunity to identify clinical

pathology in predisease states. However, detection of small

aggregates of precancerous cells and their biochemical

signatures is beyond the resolution and sensitivity of

conventional magnetic resonance and acoustic imaging

techniques. Identification of these molecular markers

requires target-specific probes, a robust signal amplifica-

tion strategy, and sensitive high-resolution imaging
modalities.

Several nano- or microparticle systems are in develop-

ment for targeted diagnostic imaging and drug delivery (see

[1] and references cited therein). Perfluorocarbon (PFC)

nanoparticles are a unique platform technology that may be

applied to multiple clinically relevant imaging modalities.

They exploit many of the key principles employed by other

imaging agents. Ligand-directed, lipid-encapsulated, PFC
nanoparticles (250 nm nominal diameter) have inherent

physicochemical properties that provide acoustic contrast

when the agent is bound to a surface layer. The high surface

area of the nanoparticle accommodates 100 to 500 targeting

molecules (or ligands), which impart high avidity and give

the agent a robust Bstick and stay[ quality (see Fig. 1).

Incorporation of large payloads of lipid-anchored gadolinium

chelate conjugates (e.g., of gadolinium or technetium)
further extend the utility of the agent to detect sparse

concentrations of cell surface biochemical markers with

magnetic resonance imaging (MRI) or single photon
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emission computed tomography (SPECT) [2]. Moreover, for

MRI the high fluorine signal from the nanoparticle core

allows noninvasive quantification of ligand-bound particles,

which enables clinicians to confirm tissue concentrations of

drugs when functionality of the nanoparticles is extended to
include targeted therapy (see Fig. 2). Detection of sparse

concentrations of cell surface biochemical markers is also

possible with ultrasound; however, novel signal processing is

required for this application in vivo [3]–[5].

II . TARGETED VERSUS NONTARGETED
CONTRAST AGENTS

Localization of nontargeted contrast agents depends

greatly upon the body’s innate system for clearance of

foreign particles, i.e., the reticuloendothelial system

(RES). Macrophages of the RES are responsible for the

removal of most of these contrast agents from the

circulation, and this occurs in a size-dependent fashion

from the lung, spleen, liver, and bone marrow. Moreover,

phagocytosis and accumulation within specific sites can be
enhanced by biologic tagging (i.e., opsonization) with

blood proteins such as immunoglobins, complement

proteins, or nonimmune serum factors. In general, liver

sequestration appears to be complement mediated, while

the spleen removes foreign particulate matter via antibody

Fc receptors [7]. This process of nonspecific and nondi-

rected uptake of particles is generally referred to as

Bpassive targeting[ (e.g., Feridex in the liver or iron oxide
in the sentinel lymph nodes [8]).

Unlike passive contrast agents, targeted (i.e., Bligand-
directed[) contrast agents are designed to enhance

specific pathological tissue that otherwise might be

difficult to distinguish from surrounding normal tissue.

A large number of ligands can be utilized including

monoclonal antibodies and fragments, peptides, polysac-

charides, aptamers, and drugs. These ligands may be

attached covalently (i.e., direct conjugation) or noncova-
lently (i.e., indirect conjugation) to the contrast agent.

Further surface modification, such as the incorporation of

polyethylene glycol, is used to delay or avoid rapid

systemic removal of the agents and allow ligand-to-target

binding to occur. The effectiveness of this concept of

contrast agent targeting is demonstrated with the appli-

cation of paramagnetic MRI contrast agents. Paramagnetic

agents only influence protons in their immediate vicinity.
Removal of these contrast agents by the RES during

passive targeting may decrease their effectiveness via two

mechanisms: accumulation of contrast agent in specific

organs that are distal to region of interest and endocytosis,

which further decreases their exposure to free water

protons. By targeting the contrast agent, the paramagnetic

ions can be brought in close proximity to the region of

interest with sufficient accumulation to overcome the
partial dilution effect that plagues some MR contrast

agents. Its efficacy is further enhanced with some

targeting platforms by delivering multiple contrast ions

per particle [2].

III . BASIC PRINCIPLES OF MR
CONTRAST AGENTS

A. PFC Nanoparticles for MR Contrast Enhancement
For use as a T1-weighted paramagnetic contrast agent,

PFC nanoparticles can be functionalized by surface

incorporation of homing ligands and more than
50 000 gadolinium chelates (Gd3þ) per particle [6]. In

addition, all of the paramagnetic ions are present in the

outer aqueous phase for maximum relaxivity of T1 [9].

Fig. 1. Scanning electron micrographs (x30 000) of (A) control fibrin

clot and (B) fibrin-targeted paramagnetic nanoparticles bound to the

clot surface. Arrows indicate (A) fibrin fibril and (B) fibrin-specific

nanoparticles bound to fibrin epitopes. Reprintedwith permission [6].

Fig. 2. Paradigm for targeted liquid perfluorocarbon-based

nanoparticle contrast agent. This example has a payload of Gd 3þ

chelates and monoclonal antibodies. This platform is extremely

versatile, applicable to almost any imaging modality, and capable of

carrying other payloads such as drugs or genes.
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The result is a PFC nanoparticle that is capable of over-
coming the diluting partial volume effects that plague

most MR contrast agents [10]. To illustrate the potency of

this contrast agent platform, we can examine its relaxivity.

The efficiency of an MR contrast agent can be described by

its relaxivity ðmM�1s�1Þ, which is simply calculated as the

change in relaxation rate (1=T1 or 1=T2) divided by the

concentration of the contrast agent. The relaxivity of

Gd3þ in saline (4.5 mM�1s�1) [11] is lower when com-
pared to Gd3þ bound to the surface of a PFC nanoparti-

cles (33.7 mM�1s�1) [9] at 1.5 T. When one accounts for

the fact that each nanoparticle carries approximately

50 000 to 90 000 Gd3þ, the Bparticle[ relaxivity has been

measured at over 2 000 000 mM�1s�1 [9]. The high level

of relaxivity achieved using this paramagnetic liquid PFC

nanoparticle allows for detection and quantification of

nanoparticle concentrations as low as 100 pmolar, with a
contrast-to-noise ratio (CNR) of 5 [12].

To understand how nanoparticles can be employed as

an MR contrast agent, an understanding of the nuclear

magnetic resonance (NMR) phenomenon is crucial. First,

all atomic nuclei have a fundamental property known as

the nuclear magnetic momentum or spin quantum

number. Nuclei with an odd number of protons or

neutrons will have a nonzero net spin, which, when
placed in a strong magnetic field (with magnitude B0),
will have an associated net magnetic moment ~� that will

orient either with (Bparallel[) or against (Bantiparallel[)
the direction of B0. For a nucleus with a net spin of 1/2

(e.g., 1H), this results in two possible spin states

with an energy of separation �E ¼ h�B0=2� (where

h ¼ 6:626� 10� 34 J s is Planck’s constant and G is the

gyromagnetic ratio, which for Hydrogen is 42.58 MHz/T).
For a given population of nuclei in a static magnetic field,

an equilibrium exists, described by Maxwell–Boltzmann

statistics, in which only a slight majority of nuclei are

oriented in the Bparallel[ position (i.e., lower energy

state); but this small difference in spin distribution

results in a net magnetization that is perceptible.

Absorption of radio-frequency (RF) radiation of the

appropriate frequency by the nuclei can alter the
equilibrium, resulting in a greater distribution of

Bantiparallel[ states. On a macroscopic level, this is

equivalent to tilting the net magnetization away from the

direction of the main magnetic field ðB0Þ. Once the RF

energy is removed, decay to the previous lower energy

state takes place and occurs in two distinct and

independent processes known as longitudinal relaxation

ðT1Þ and transverse relaxation ðT2Þ. T1 and T2 relaxation
times, as well as the proton density of the nuclei of

interest, determine signal intensity of various types of

tissue in MR imaging.

MR contrast agents work by accelerating the longitu-

dinal and/or transverse relaxation rates. The most

commonly used nontargeted MR contrast agents are

paramagnetic ions (e.g., gadolinium chelates) and they

predominantly shorten T1 relaxation, resulting in a
Bbright[ signal on T1 weighted images. The mechanism

by which paramagnetic ions affect T1 relaxation depends

upon close nuclear interaction. Therefore, T1 agents only
influence protons proximate to themselves and are highly

dependent on local water flux [13]. Superparamagnetic

and ferromagnetic compounds have a high magnetic

susceptibility. When placed in a magnetic field ðB0Þ, they
concentrate the field, resulting in a large local net
positive magnetization [14]. This large magnetic suscep-

tibility heterogeneity induces spin dephasing in tissue and

results in loss of T2-weighted signal. Contrary to T1
contrast agents, superparamagnetic agents disturb the

magnetic field and have a net effect far beyond their

immediate vicinity.

B. Signal Modeling
We assume that two adjacent tissues (A and B)

manifest identical longitudinal ðT1Þ and transverse ðT2Þ
relaxation times prior to nanoparticle binding, but only

one tissue (B) expresses the molecular epitope of interest
that binds the targeted paramagnetic nanoparticles. The

bound paramagnetic nanoparticles affect the relaxation

times in the targeted tissue according to the following

equations [15]:

1

T1B
¼ 1

T1A
þ r1P[NP] (1)

1

T2B
¼ 1

T2A
þ r2P[NP] (2)

where T1B and T2B are the observed relaxation times after

the nanoparticle binding, T1A and T2A are the original

relaxation times, r1p and r2p are the particle-based

relaxivities, and [NP] represents the average nanoparticle

concentration within the imaging voxel. For this

simulation, we assume that targeted binding does not
affect particle relaxivity: that is, r1p and r2p remain

constant.

The CNR between the two tissues for a given sequence

is calculated as the absolute difference between their

signal intensities. If IA and IB represent the signal

intensities of tissue A and B, respectively, and N is the

expected level of noise in the resulting image, the CNR is

given as

CNR ¼ IA � IB
N

: (3)

For a spin echo pulse sequence, the signal intensity of
each tissue is related to the chosen scan parameters (echo

time TE and repetition time TR) as well as its magnetic

properties (T1 and T2), which change due to binding of
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the contrast agent, and is described with the following
relationships for tissues A and B [16]

IA ¼ kAð1�2e�ðTR�TE=2Þ=T1Aþe�TR=T1AÞe�TE=T2A (4)

IB ¼ kBð1�2e�ðTR�TE=2Þ=T1Bþe�TR=T1BÞe�TE=T2B : (5)

The constants kA and kB incorporate factors such as proton

density, radio frequency excitation, and coil sensitivity.

Since these tissues are assumed identical except for binding

of the contrast agent, kA and kB are identical except for

relative coil sensitivity to the positional differences
between the two tissues for this simulation. Substituting

(4) and (5) into (3) and optimizing the resulting equation

for TR provides a relationship between the T1 values for the
two tissues and the repetition time that will create the

highest CNR [16]

TRopt ¼
T1AT1B

T1B � T1A
log

kAT1B
kBT1A

� �
: (6)

With use of the field-dependent input parameters
specified, model predictions for the minimum concentra-

tion of contrast agent required to generate visually

apparent contrast between the two tissues may easily be

determined [12]. Visually apparent contrast is typically

defined as a CNR � 5 [17].

C. PFC Nanoparticles for Fluorine (19F) MR
Spectroscopy and Imaging

The intensity of an MR signal is directly proportional

to the gyromagnetic ratio ð�Þ and the number of nuclei in

the volume of interest [18]. Although there are six

medically relevant nuclei, the 1H proton is the most

commonly imaged nuclei in clinical practice because of

its high gyromagentic ratio and natural abundance.
19Fluorine, whose gyromagnetic ratio is second only to
1H, is a theoretically attractive nucleus for MR imaging

[19]. Its sensitivity is 83% when compared to 1H at a

constant field strength and with equivalent number of

nuclei. In biological tissue, low 19F concentrations (in the

range of micromoles) make MR imaging impractical at

clinically relevant field strengths without 19F specific

contrast agents [20]. PFC nanoparticles are 98% per-
fluorocarbon by volume, which equates for perfluorooc-

tylbromide (1.98 g/ml, 498.97 g/mol) to approximately

100M concentration of fluorine within a nanoparticle.

The paucity of endogenous fluorine in biological tissue

allows the use of exogenous PFC nanoparticles as an

effective 19F MR contrast agent without interference from

significant background signal. When combined with local

drug delivery, detection of the 19F signal serves as a highly

specific marker for the presence of nanoparticles that
would permit quantitative assessment of drug dosing.

19F has seven outer shell electrons rather than a single

electron as the case with hydrogen; as a result, the range

and their sensitivity to the details of the local environment

of chemical shifts are much higher for fluorine than

hydrogen. Consequently, distinct spectra from different

perfluorocarbon species can be obtained and utilized for

simultaneous targeting of multiple biochemical markers.
For use as a clinically applicable contrast agent, the

biocompatibility of PFC nanoparticles must be reviewed.

Liquid PFCs were first developed for use as a blood

substitute [21]. No toxicity, carcinogenicity, mutagenicity,

or teratogenic effects have been reported for pure

perfluorocarbons within the 460 to 520 molecular weight

range. PFCs are inert biologically and removed through the

RES and excreted primarily through the lungs and in small
amounts through the skin [22]. Tissue half-life ranges from

four days for perfluorooctylbromide up to 65 days for

perfluorotripropylamine. The prolonged systemic half-life

of PFC nanoparticles in conjunction with the local

concentrating effect produced by ligand-directed binding

permits 19F spectroscopy and imaging studies at clinically

relevant magnetic field strengths.

D. Clinical Application: Fibrin Imaging for Detection
of Unstable Plaque and Thrombus

Of the more than 720 000 cardiac related deaths per

year in the United States, roughly 63% are classified as

sudden cardiac death (SCD) [23]. Unfortunately for many

patients, this is the first and only symptom of their

atherosclerotic heart disease (ASHD) [24]. Atherosclerosis

begins as a fatty streak; without proper treatment, it can
progress to a vulnerable plaque characterized by a large

lipid core, thin fibrous cap, and macrophage infiltrates

[25]. These vulnerable plaques are prone to rupture, which

can lead to thrombosis, vascular occlusion, and subsequent

myocardial infarction [26] or stroke. Routine angiography

is the most common method of diagnosing ASHD

with identification of high-grade lesions (9 70% stenosis)

being referred for immediate therapeutic intervention.
Ironically, most ruptured plaques originate from coronary

lesions classified as nonstenotic [25]. Even nuclear and

U.S.-based stress tests are only designed to detect flow-

limiting lesions. Because the most common source of

thromboembolisms comes from atherosclerotic plaques

with 50%–60% stenosis [27], diagnosis by traditional

techniques remains elusive. In addition, there appears to

be a window of opportunity that exists from the detection
of a vulnerable or ruptured plaque and acute myocardial

infarction (a few days to months) [28] in which

intervention could prove to be beneficial.

Acoustic enhancement of thrombi using fibrin-targeted

nanoparticles was first demonstrated in vitro as well as in

vivo in a canine model at frequencies typically used in

clinical transcutaneous scanning [29]. Detection of
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thrombi was later expanded to MRI in a study by
Flacke et al. [6]. Fibrin clots were targeted in vitro with

paramagnetic nanoparticles and imaged using typical low-

resolution T1-weighted proton imaging protocols at 1.5 T.

Low-resolution images show enhancement of the MR

signal by the PFC nanoparticles and appear to completely

fill the clot volume (see Fig. 3). However, at higher in-plane

resolution, the same clot reveals that the nanoparticles

were bound only at the surface and were excluded from
penetration into the dense fibrin matrix. In the same study,

in vivo MR images were obtained of fibrin clots in the

external jugular vein of dogs. Enhancement with fibrin-

targeted PFC nanoparticles produced high signal intensity

in treated clots (1780 � 327), whereas the control clot had

a signal intensity (815 � 41) similar to that of the adjacent

muscle (768 � 47). This method was extended to the

detection of ruptured plaque in human carotid artery
endarterectomy specimens resected from a symptomatic

patient (see Fig. 4). Fibrin deposition was localized to the

shoulders of the ruptured plaque in the treated vessel, but

this was not appreciated in the control. Further investiga-

tion in the molecular imaging of fibrin in ruptured plaque

may someday detect this silent pathology sooner in order to

preempt stroke or myocardial infarction.

The high fluorine content of fibrin-targeted PFC
nanoparticles as well as the lack of background signal

were exploited for 19F MR imaging and spectroscopy. In a

recent study by Morawski et al., several methods are

described for quantifying the number of nanoparticles

bound to a fibrin clot using the 19F signal [12]. First, fibrin-

targeted paramagnetic perfluoro-crown-ether nanoparti-

cles and trichlorofluoromethane 19F spectra were obtained

[Fig. 5(a)]. The relative crown ether signal intensity (with
respect to the trichlorofluoromethane peak) from known

emulsion volumes provided a calibration curve for

nanoparticle quantification [Fig. 5(b)]. The PFC (crown

ether) nanoparticles were then mixed in titrated ratios

with fibrin-targeted nanoparticles containing safflower oil

and bound to plasma clots in vitro. As the competing

amount of safflower agent was increased, there was a

linear decrease in 19F and Gd3þ signal. The number of
bound nanoparticles was calculated from the 19F signal and

the calibration curve described above and compared with

mass of Gd3þ as determined by neutron activation analysis.

As expected, there was excellent agreement between
measured Gd3þ mass and number of bound nanoparticles

(calculated from the 19F signal) [see Fig. 5(c)].

In addition, clots were treated with fibrin-targeted

nanoparticles with two distinct perfluorocarbon cores:

crown ether and perfluorooctyl-bromide (PFOB) [30].

They exhibited two distinct 19F spectra at 4.7 T, and the

signal from the sample was highly related to the ratio of

PFOB and crown ether emulsion applied. These findings
demonstrate the possibility of simultaneous imaging and

quantification of two separate populations of nanoparticles

and hence two distinct biomarkers.

The clinical exercise of these quantification techniques

was applied to the analysis of human carotid endarterec-

tomy samples (see Fig. 6). An optical image of the carotid

reveals extensive plaques, wall thickening, and luminal

irregularities. Multislice 19F images showed high levels of
signal enhancement along the luminal surface due to

binding of targeted paramagnetic nanoparticles to fibrin

deposits (not shown in Fig. 6). 19F projection images of the

artery, taken in approximately 5 min, show an asymmetric

distribution of fibrin-targeted nanoparticles around the

vessel wall, corroborating the signal enhancement ob-

served with 1H MRI. Concomitant visualization of 1H and
19F images would permit the visualization of anatomical
and pathological information in a single image. In theory,

atherosclerotic plaque burden could be visualized with

paramagnetic PFC contrast enhanced 1H images while 19F

could localize identify plaques with high levels of fibrin

Fig. 3. (a) Low-resolution images (three-dimensional T1-weighted) of

control and (b) fibrin-targeted clot with paramagnetic nanoparticles

presenting a homogeneous, T1-weighted enhancement [13].

Fig. 4. Color-enhancedmagnetic resonance imaging of fibrin-targeted

and control carotid endarterectomy specimens revealing contrast

enhancement (white) of a small fibrin deposit on a symptomatic

ruptured plaque. Calcium deposit (black). Three-dimensional

fat-suppressed T1-weighted fast gradient echo. Reprinted

with permission [6].
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and thus prone to rupture. This simultaneous information
could better help in developing treatment strategies.

E. Clinical Application: Detection of Angiogenesis
and Vascular Injury

As described previously, ligand-directed PFC nanopar-

ticles are well suited to detect very sparse biomarkers, such

as integrins involved in the process of angiogenesis [13],

[30], [31]. Angiogenesis is a critical process in wound
healing, inflammation, and organ development. However,

it also contributes to the pathology of many disease

processes such as diabetic retinopathy, rheumatoid arthri-

tis, cancer, and atherosclerosis. The process of angiogen-

esis depends upon the adhesion interactions of vascular

cells, and the integrin �v�3 has been identified as playing a

vital role in angiogenic vascular tissue. The function of

�v�3 includes vascular cell apoptosis (i.e., programmed cell
death), smooth muscle cell migration and proliferation,

and vascular remodeling [32]. It is expressed on the

luminal surface of activated endothelial cells but not on

mature quiescent cells. These findings support the fact that

the role of �v�3 in pathological conditions characterized by

neovascularization may be an important diagnostic and

therapeutic target. In fact, the use of a monoclonal

antibody against �v�3 has demonstrated inhibition of
angiogenesis without affecting mature vessels [33].

PFC nanoparticles have been developed to deliver

antiangiogenic therapy and to detect the sparse expression

of the �v�3-integrin on the neovasculature [34]. This has

been utilized to visualize tumor-related angiogenesis in

New Zealand white rabbits bearing Vx-2 tumors (G 1.0 cm)

at 1.5 T [35]. MRI signals 2 h postinjection of �v�3-targeted

nanoparticles show enhancement of 126% predominantly
in an asymmetrical distribution along the tumor border.

These results are consistent with the immunohistochemical

staining results. Moreover, in vivo competitive blocking

with �v�3-targeted nonparamagnetic nanoparticles re-

sulted in decreased signal enhancement to a level

attributable to local extravasation. In a similar study,

athymic nude mice bearing human melanoma tumors

Fig. 5. (a) Representative spectrum taken at 4.7 T of crown ether

emulsion (90 ppm) and trichlorofluormethane (0 ppm) used as a

reference. (b) The calibration curve for crown ether emulsion has a

slope of 28.06 with an R2 of 0.9968. (c) The calculated number of

bound nanoparticles (mean � standard error) as calculated from 19F

spectroscopy versus themass of total gadolinium (Gd3þ) in the sample

as determined by neutron activation analysis show excellent

agreement as independent measures of fibrin-targeted nanoparticles

binding to clots. The linear regression line has an R2 of 0.9997 [30].

Fig. 6. (a) Optical image of a 5-mm cross-section of a human carotid endarterectomy sample. This section showed moderate lumenal

narrowing as well as several atherosclerotic lesions. (b) A 19F projection image acquired at 4.7 T through the entire carotid artery sample shows

high signal along the lumen due to nanoparticles bound to fibrin. (c) Concentration map of bound nanoparticles in the carotid sample [30].
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(C32, ATCC; 33 mm3) were injected with �v�3-targeted
PFC nanoparticles and imaged at 2 h [36]. MR enhance-

ment was apparent within 0.5 h and increased by 173%

at 2 h (see Fig. 7). Again, MR imaging results were

correlated with histological results. In both studies, in vivo

competitive blocking with �v�3-targeted nonparamagnetic

nanoparticles showed 50% decrease of signal enhance-

ment. These findings demonstrate the high specificity

achievable with �v�3-targeted nanoparticles.
Angiogenesis also plays an early and crucial role in the

pathogenesis of atherosclerosis. Moreover, the inhibition

of angiogenesis has been shown to decrease plaque

progression [37], [38]. Unfortunately, detection of athero-

sclerosis usually does not occur until late stages of the

disease when a clinical event is caused by a plaque rupture.

Conventional noninvasive imaging techniques are not

sensitive or specific enough to detect the sparse biomar-
kers associated with early atherosclerosis. However,

�v�3-targeted paramagnetic nanoparticles have been

demonstrated to spatially localize and quantify neovascu-

larization associated with early atherosclerosis in hyperli-
pidemic New Zealand white rabbits [see (Fig. 8)] [39].

In addition to angiogenesis, �v�3 has an important role

in the development of restenosis following balloon injury

from angioplasty. It is expressed following vascular injury

and facilitates cell adhesion to the extracellular matrix and

smooth muscle migration and proliferation. Multiple

animal studies have shown that IV administration of �v�3

antagonism following balloon angioplasty results in
decreased neointimal growth and lumen stenosis [40],

[41]. We have developed a high avidity �v�3-integrin

specific nanoparticle that targets �v�3-integrin exposed on

smooth muscle cells by arterial overstretch injury and

provides new prognostic data relating the extent and

severity of balloon injury. The PFC nanoparticles can also

be used to facilitate delivery of therapeutic agents from

within the damaged arterial wall [42]. Similar to �v�3,
collagen III is omnipresent within the vascular wall and

accessible immediately after balloon injury for targeted

delivery of therapeutic paramagnetic nanoparticles. We

have covalently coupled a monoclonal Fab fragment

specific for collagen III to target nanoparticles into carotid

extracellular matrix following balloon overstretch injury in

pigs, analogous to the studies previously described for

�v�3-targeted paramagnetic nanoparticles.

IV. PFC NANOPARTICLES FOR SPECT
CONTRAST AGENTS

For these studies, nanoparticle emulsions are prepared that

are composed of perfluoro-15-crown-5-ether (CE) or PFOB.

Incorporated in the outer lipid surface of each particle

are approximately 100 000 gadolinium (Gd-DTPA-BOA)
and one 99mTc (99mTc-BisPyLys-PEGPE) chelate. Bioti-

nylated multimodality CE nanoparticles may be targeted,

Fig. 7. (a) T1-weighted MR image (axial view) of an athymic nude

mouse before injection of paramagnetic �v�3-targeted nanoparticles.

Arrow indicates a C32 tumor that is difficult to detect (Ref¼Gd in 10 cc

syringe). (b) Enlarged section of an MR image showing T1-weighted

signal enhancement of angiogenic vasculature of early tumors over 2 h

as detected by �v�3-targeted nanoparticles [36].

Fig. 8. In vivo spin-echo image reformatted to display long axis of

aorta from renal arteries to (top) diaphragm of cholesterol-fed rabbit

and (bottom) at single transverse level (Pre) before and (Post) after

treatment, after semiautomated segmentation (Segmented, grayish

ring), and with color-coded signal enhancement (Enhancement) above

baseline (in percent) [39].

Hughes et al. : Perfluorocarbon Nanoparticles

Vol. 96, No. 3, March 2008 | Proceedings of the IEEE 403



via avidin, to in-vitro fibrin clots that have been
pretreated with biotinylated antifibrin antibody. Varying

concentrations may be achieved by mixing with cold

particles (PFOB-based, lacking Tc and Gd). These

samples may then be imaged using both conventional

MRI and SPECT (see Fig. 9).

For in vivo demonstration, nanoparticles targeted to

tumor angiogenesis have been injected into rabbits

implanted with Vx-2 tumors. MRI of the tumors was
performed using a 1.5 T clinical scanner. Nuclear images

were also obtained using a pinhole-collimated clinical

scanner. On nuclear images, fibrin-bound nanoparticles

gave signal intensity varying, as expected, with concentra-

tion. T1-weightedMRI demonstrated similar enhancement.

Bound nanoparticles were detected via 19F MR, regardless

of the presence of Gd, but could also be selectively imaged

through unique perfluorocarbon signatures. In vivo, 1H
imaging provided anatomy, while both 19F and SPECT

imaging showed �v�3-targeted nanoparticles without an

endogenous background (see Fig. 10). This study demon-

strated that a multimodality targeted perfluorocarbon

contrast agent could be made that exploits the sensitivity

of SPECT while offering anatomical information of MR

embellished with the uniqueness of 19F [43].

V. PFC NANOPARTICLES AS
ULTRASOUND CONTRAST AGENTS

Commercially available ultrasound contrast agents are based

on gas-filled encapsulated microbubbles (2.5–5 �m) that

transiently enhance the blood pool signal, which is otherwise
weakly echogenic. When insonified by an ultrasound wave,

microbubbles improve grayscale images and Doppler signal

via three distinct mechanisms [44]–[46]. First, at lower

Fig. 9. Imaging of fibrin-targeted multimodality perfluorocarbon contrast agent. (a) Top view of the fibrin clots in 12-well plates were

targeted with multimodality nanoparticles and presented as a maximum intensity projection through T1-weighted proton MR images.

The concentration of fibrin-bound multimodality nanoparticles decreases by column from left to right. (b) Corresponding

SPECT image of the 12 clots. Note one ‘‘cold’’ control clot in the bottom row.

Fig. 10. (Top) InvivoMRIand (bottom)SPECT imagingof�v�3-targeted

multimodality contrast agent.
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acoustic power, microbubbles are highly efficient scatters
due to their large differences in acoustic impedance ðZÞ and
resonant behavior compared with surrounding tissue or

blood. With increasing acoustic energies, microbubbles

begin nonlinear oscillations and emit harmonics of the

fundamental (incident) frequency, thus behaving as a source

of sound rather than as a passive reflector. Biological tissue

does not display this degree of harmonics; thus the contrast

signal can be exploited to preferentially image microbubbles
and improve signal-to-noise ratios. At even higher acoustic

power, destruction of microbubbles occurs, allowing the

release of free gas bubbles. Though not desirable for most

forms of imaging, this results in a strong but transient

scattering effect and provides the most sensitive detection

of microbubbles. To emphasize these strong echogenic

properties, it has been shown that even one microbubble

can be detected with medical ultrasound systems [47].
Interestingly, destruction and cavitation of microbubbles by

ultrasound waves have been shown to facilitate drug

delivery by Bsonoporating[ membranes and allowing drugs

and gene therapy to enter the cell [48], [49]. When this

process occurs in capillary beds, permeability increases,

allowing a subset of particles access to surrounding tissue

for further drug deposition [50].

The wide use of microbubbles in everyday clinical
applications highlights their effectiveness as a blood pool

agent. For example, microbubbles enhance the blood-tissue

boundary of the left ventricular cavity allowing for better

diagnostic yield in resting as well as stress echocardiograms

[51]. Improved Doppler signals are beneficial in the

diagnosis of valvular stenosis and regurgitation [52].

Additionally, microbubbles are removed from circulation

via the RES and accumulate in the liver and spleen, i.e.,
passive targeting. This mechanism can be employed for the

detection of focal liver lesions and malignancies [48], [53].

For use as targeted contrast agents, microbubbles have

been conjugated with ligands for a variety of vascular

biomarkers including integrins expressed during angio-

genesis, the glycoprotein IIb/IIIa receptor on activated

platelets in clots, and L-selectin for the selective enhance-

ment of peripheral lymph nodes in vivo [54]–[56]. One
disadvantage to the targeting of microbubbles is the

tethering of these particles to a surface. This interaction

with a solid structure limits the ability of insonified

microbubbles to oscillate and dampens its echogenicity.

As mentioned previously, we have developed a novel

multidimensional targeted nanoparticle platform that is a

ligand targeted, lipid encapsulated, nongaseous perfluo-

rocarbon emulsion. It is robustly stable to handling,
pressure, atmospheric exposure, heat, and shear forces.

Unlike microbubble formulations that are naturally echo-

genic, these nanoparticles have poor inherent acoustic

reflectivity, and suspensions of them have been shown to

exhibit backscattering levels 30 dB below that of whole

blood [57]. However, when collective deposition occurs on

the surfaces of tissues or a cell in a layering effect, these

particles create a local acoustic impedance mismatch that
produces a strong ultrasound signal without a concomitant

increase in the background level [58]. The echogenicity of

nanoparticles does not depend upon the generation of

harmonics and therefore is not affected by binding with

molecular epitopes. Due to their small size and inherent in

vivo stability, perfluorocarbon nanoparticles emulsions

have a long circulatory half-life compared to microbubble

contrast agents. This is accomplished without modification
of their outer lipid surfaces with polyethylene glycol or

incorporation of polymerized lipids, which can detract

from the targeting efficacy. Additionally, nongaseous

PFOB-filled nanoparticles do not easily deform or cavitate

with ultrasound imaging [57].

The successful detection of cancer in vivo depends on

various factors when using molecularly targeted contrast

agents. The number of epitopes to which the ligand can
bind must be sufficient to allow enough of the contrast

agent to accumulate for detection, and ligand specificity

must be maintained to ensure that nonspecific binding

remains negligible. As stated above, the background signal

from an unbound, circulating contrast agent is low

enough or absent so as not to interfere with the

assessment of a bound, targeted agent. Previous work

already has demonstrated for high-frequency ultrasound
in epitope-rich pathologies, such as fibrin in thrombus,

that targeted perfluorocarbon nanoparticles act as a

suitable molecular imaging agent by modifying the

acoustic impedance on the surface to which they bind

in a configuration that is well approximated by a

reflective layer [59]. However, at lower frequencies and

for sparse molecular epitopes, in the typically tortuous

vascular bed associated with the advancing front of a
growing tumor, clear delineation between nontargeted

normal tissue and angiogenic vessels remains a challenge.

The imaging technology itself must be highly sensitive

and capable of detecting and/or quantifying the level of

contrast agent bound to the pathological tissue. In clinical

ultrasonic imaging, the sensitivity of detection depends

on a physical difference in the way sound interacts with a

surface covered by targeted contrast agent versus one that
is not. The data presented below show that in many cases,

the sensitivity of this determination can be improved by

applying novel and specific signal-processing techniques

based on thermodynamic or informationtheoretic analogs.

Site-targeted nanoparticle contrast agents, when bound

to the appropriate receptor, must be detected in the

presence of bright echoes returned from the surrounding

tissue. We have approached the problem of detection of
site-specific contrast through the use of novel signal

receivers (i.e., mathematical operations that reduce an

entire RF waveform or a portion of it to a single number)

based on information-theoretic quantities, such as Shannon

entropy ðHÞ, or its counterpart for continuous signal ðHf Þ.
These receivers appear to be sensitive to diffuse, low-

amplitude features of the signal that often are obscured by
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noise, or else lost in large specular echoes and, hence, not
usually perceivable by a human observer [60]–[64].

Although entropy-based techniques have a long history

in image processing for image enhancement and post-

processing of reconstructed images, the approach we take is

different in that entropy is used directly as the quantity

defining the pixel values in the image. Specifically, images

are reconstructed by computing the entropy (or a limiting

form of it: Hf ) of segments of the individual RF A-lines that
comprise a typical medical image by applying a Bmoving

window[ or Bbox-car[ analysis. The computation of an

entropy value for each location within an image is therefore

possible, and the results can be superimposed over the

conventional grayscale image as a parametric map.

For comparison, we have also used more conventional

signal-processing techniques on the same beamformed RF:

specifically, the signal energy and its logarithm. This was
done after a preliminary conventional B-mode grayscale

analysis of backscattered data acquired for the study

reported in this paper was unable to detect changes in

backscattered RF arising from the accumulation of targeted

nanoparticles in the tumor neovasculature. This result

implied that acoustic characterization of sparse collections

of targeted perfluorocarbon nanoparticles presented chal-

lenges that might require the application of novel types of
signal processing.

A. Approach
RF data are obtained by sampling a continuous function

y ¼ fðtÞ. For an 8-bit digitizer, the sampled waveform has

256 different values. If we compute the probability pk of the
kth digitizer value appearing in the digital waveform, then

we may compute the Shannon entropy of the resulting
probability distribution

HS ¼ �
X255
k¼0

pk logðpkÞ: (7)

While this quantity has demonstrated utility for signal

characterization [60], it has the undesirable feature that it

depends critically on the attributes of the digitizer used to

acquire data. This dependence may be removed by

modelling the limit where the sampling rate and dynamic

range are taken to infinity [61], [62]. In that case the

probabilities pk are replaced by density functionwf ðyÞ of the
signal fðtÞ. While the Shannon entropy HS becomes infinite
in this limit, we may extract a finite part of it, which we call

Hf , that is also useful for signal characterization. This

quantity is defined by

Hf ¼
Zfmax

fmin

wf ðyÞ logwf ðyÞdy: (8)

B. The Density Function wf ðyÞ
The density function wf ðyÞmay be used to compute not

only the entropy Hf but also the signal energy Ef (and hence
also log½Ef �). It corresponds to the density functions that

are the primary mathematical object in much of statistical

signal processing and from which other mathematical

quantities are subsequently derived (e.g., mean values,

variances, and covariances) [65]–[67]. In that setting, it

constitutes the most fundamental unit of information that
the experimentalist has about a random variable, which is

often implicitly assumed to have a form that is too

complicated to be worth analyzing (hence the density

function is analyzed instead). Moreover, this function is

usually assumed to be very well behaved mathematically,

that is, to be continuous, infinitely differentiable, and to

approach zero at infinity. On the other hand, in our analysis

fðtÞ is the fundamental unit of information and wf ðyÞ is a
derived quantity obtained from it. Moreover, wf ðyÞ is not
particularly well behaved mathematically. In spite of the

difficulties, this adds to the mathematical analysis. Several

experimental studies indicate that signal processing using

the derived wf ðyÞ permits definition of signal receivers that

are more sensitive than energy-based receivers. We will

also show that signal energy can be computed using wf ðyÞ,
and thus all of conventional energy-based signal processing
may be placed within the same mathematical framework.

If we adopt the convention that the domain of fðtÞ is
[0,1], then wf ðyÞ, the density function of fðtÞ, can be

defined by the basic integral relation

Z1

0

� fðtÞð Þdt ¼
Zfmax

fmin

�ðyÞwf ðyÞdy (9)

for any continuous function �ðyÞ. This should be com-

pared with the expression for the expectation value of a

function � of a random variable X with density pXðxÞ,
which is given by

Z
�ðxÞpXðxÞdx

which explains why wf ðyÞ is referred to as the density

function for fðtÞ [68]. If we chose �ðxÞ ¼ x2, then

Z1

0

fðtÞ2dt ¼
Zfmax

fmin

y2wf ðyÞdy (10)

which is the signal energy.
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Most applications of either probability or information
theory to signal processing proceed, usually very early in

the discussion, by assuming a specific density function

[69]–[71]. In contrast, the analysis described in our studies

begins with a digitized time-domain function and derives

its density function.

C. Imaging in a Precancerous Animal Model
We have demonstrated the capabilities of entropy-

based signal processing for acoustic detection of nanopar-

ticles targeted neovasculature in several animal models

[4], [5], [57]. Typical of our results were those obtained

using the transgenic K14-HPV16 mouse. This animal

model contains human papilloma virus-16 oncoproteins

driven by a keratin promoter so that lesions develop in the

skin. Typically the ears exhibit squamous metaplasia, a

precancerous condition associated with abundant neovas-
culature that expresses the �v�3 integrin. Eight of these

transgenic mice [72], [73] were treated with 1.0 mg/kg IV

of either �v�3-targeted nanoparticles ðn ¼ 4Þ or untar-

geted nanoparticles ðn ¼ 4Þ and imaged dynamically for

one hour using a research ultrasound imager modified to

store digitized RF waveforms acquired at 0-, 15-, 30-, and

60-min time points. All RF data were processed offline to

reconstruct images using information theoretic and
conventional receivers. Image segmentation was per-

formed using the threshold, which excluded 93% of the

area under the composite histogram for all data sets. The

mean value of segmented pixels was computed at each

time postinjection.

A diagram of our apparatus is shown in Fig. 11. RF

data were acquired with a research ultrasound system

(Vevo 660, Visualsonics, Toronto, Canada) with an analog

port and a sync port to permit digitization. The tumor was

imaged with a 40 MHz single-element Bwobbler[ probe,

and the RF data corresponding to single frames were

stored on a hard disk for later offline analysis. Each

frame corresponds spatially to a region 0.8 cm wide and
0.3 cm deep.

A closeup view showing the placement of transducer,

gel standoff, and mouse ear is shown in the left side of

Fig. 12. Below this is a conventional B-mode grayscale

image (i.e., logarithm of the analytic signal magnitude).

Labels indicate the location of skin (top of image insert),

the structural cartilage in the middle of the ear, and, a

short distance below this, the echo from the skin at the
bottom of the ear. To the right of this is an image of a

histological specimen extracted from a human papilloma-

virus (HPV) mouse model that has been magnified

20 times to permit better assessment of the thickness and

architecture of the sites where an �v�3 targeted nano-

particle might attach (red by �3 staining). Skin and tumor

are both visible in the image. On either side of the cartilage

(center band in image), extending to the dermal–
epidermal junction, is the stroma. It is filled with

neoangiogenic microvessels. These microvessels are also

decorated with �v�3 nanoparticles as indicated by the

fluorescent image (labeled, in the upper right of the figure)

of a bisected ear from an �v�3-injected K14-HPV16

transgenic mouse [74]. It is in this region that the

�v�3-targeted nanoparticles are expected to accumulate,

Fig. 11. A diagram of the apparatus used to acquire RF data

backscattered from HPV mouse ears in vivo. The layer of gel below

the ear is used to hold the ear in place during data acquisition.

Fig. 12. Closeupof transducer, standoff, andB-mode imageofear,with

enlarged histological image showing location of binding sites and a

fluorescent image from the same anatomical region showing that

�v�3-targeted nanoparticles indeed accumulate in this portion of the

mouse ear. Inset: Histological and fluorescent images, although taken

from different mice, are representative of the large number of

specimens taken during studies in our laboratory.
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as indicated by the presence of red �3 stain in the magnified

image of an immunohistological specimen also shown in

the image.

D. Ultrasonic Data Processing
The analysis of RF frames corresponding to data in

B-scan format proceeds as follows. Each of the RF lines in

the data was first upsampled from 4096 to 8192 points,

using a cubic spline fit to the original data set in order to

improve the stability of the thermodynamic receiver algo-

rithms. Previous work has shown benefit from increased

input waveform length [62], [64]. Next, a moving window

analysis was performed on the upsampled data set using a

rectangular window that was advanced in 0.064 �s steps
(64 points), resulting in 121 window positions within the

original data set. The entropy Hf ðlog½Ef �Þ within each

window is used to produce the Hf ðlog½Ef �Þ image.

The top panel of Fig. 13 compares the growth, with

time postinjection, of the mean value of the enhanced

regions of Hf images obtained from all eight of the animals

used in the study reported in this paper. Standard error

bars are shown with each point. These data were obtained
by computing the mean value of pixels lying below the 93%

threshold at each time point (0, 15, 30, 45, and 60 min) for

each animal (four injected with targeted nanoparticles,

four injected with nontargeted nanoparticles) as discussed

above. Thresholds were also set at points such that 97, 95,

93, 90, 87, and 80% of the pixel values were above the

threshold. The threshold of 93% is reported here, chosen

since it produced the smallest p-value (G 0.0005) for a

t-test comparing the mean values of the region of interest
at 15 min as compared to 60 min. As the data show, the

mean value, or enhancements, obtained in the targeted

group increases linearly with time. After 30 min, the

mean value of enhancement is measurable. Moreover, the

values at 15 and 60 min are statistically different

ðp G 0:005Þ. The bottom panel of the figure shows the

corresponding result obtained from the control group of

animals that were injected with nontargeted nanoparti-
cles. There is no discernible trend in the group, and the

last three time points are not statistically different from

zero. Comparison of the enhancement measured at 15 and

60 min yields a p-value �0.27. An Hf -enhanced

Bconventional[ image is shown in Fig. 14. This image

was made by applying a color lookup table to the Hf

images and then overlaying the brightest �3% of pixels of

this color image onto the grayscale conventional B-mode
image. This format combines the higher sensitivity of the

Hf image with the higher spatial resolution of the

conventional B-mode image.

The corresponding results obtained using the log½Ef �
receiver are shown in Fig. 15 for the same data used to

generate Fig. 13. These data were obtained by computing

the mean value of pixels lying below the 93% threshold at

each time point (0, 15, 30, 45, and 60 min) for each animal
(four injected with targeted nanoparticles, four injected

with nontargeted nanoparticles) as discussed above.

Unlike the entropy case, the values at 15 and 60 min are

not statistically different ðp ¼ 0:10Þ. The bottom panel of

the figure shows the corresponding result obtained from

the control group of animals that were injected with

nontargeted nanoparticles. There is no discernible trend in

the group, and the last three time points are not
statistically different from zero.

E. Tumor Imaging In Vivo
We have also studied the accumulation of targeted

nanoparticles in MDA 435 tumors implanted in an

athymic nude mouse model. Nascent MDA 435 tumors

implanted in athymic nude mice reproducibly stimulate a

Fig. 13. A plot of average enhancement obtained by analysis of Hf

images from four HPV mice injected with �v�3 targeted nanoparticles

and four control HPV mice given no injection.

Fig. 14. Cropped ‘‘Hf -enhanced’’ conventional images showing the

effects of targeting (right column) versus control (left column).
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neovasculature, which expresses �v�3-integrin. The

objective of the study reported in this paper was to

confront the dual challenges of detecting sparse expres-
sion �v�3-integrin near specular interfacial boundaries.

Human MDA 435 cancer cells were implanted, by
injection, in the left hindquarters of athymic nude mice

between 10 and 22 days prior to acquisition of data. Fig. 16

shows an immunohistologically stained (�3 staining)

section of an excised MDA 435 tumor. �3 expression, a

marker for �v�3-integrin, is found in abundance (red

regions), although not exclusively, between the skin and

the tumor capsule. Since the large specular echo produced

by the skin can leak into and dominate contributions to the
signal resulting from backscatter by the tumor, the close

proximity of these binding sites to the skin-transducer

interface is one of the primary obstacles that must be

Fig. 16. A histological specimen extracted from an MDA 435 mouse

model magnified 20 times to permit better assessment of the

thickness and architecture of the sites where an �v�3-targeted

nanoparticlemight attach (red by �3 staining). Skin and tumor are both

visible in the image. The close proximity of neovasculature to the

skin-transducer interface is one of the primary obstacles that must be

overcome by any quantitative detection scheme intended to

determine the extent of this region.

Fig. 17. A comparison of 0-min (postinjection) and 120-min

(postinjection) images obtained from (top) conventional B-mode

signal processing and (bottom) the Hf receiver. Grayscale ‘‘before’’

and ‘‘after’’ images are presented for both types of signal processing.

Application of a color LUT to the images revealsmore detail. The same

colorLUTmappingwas applied tobothconventional B-mode images to

permit interimage comparison. The calibration bar of the mapping is

shown to the right of the images in both cases. The Hf images show

greater change with time and greater separation of the neovascular

region from the rest of the image than the conventional B-mode

images. Repetition of this experiment over nine animals reveals that

this change is statistically significant only for the Hf images.

Fig. 15. A plot of average enhancement obtained by analysis of

log½Ef � images from four HPV mice injected with �v�3 targeted

nanoparticles and four control HPV mice given no injection.
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overcome by any quantitative detection scheme intended
to determine the extent of this region.

Nine animals were injected with targeted nanoparti-

cles and seven with nontargeted nanoparticles to serve as

controls. Mice were preanesthesitized with ketamine, and

an intravenous catheter was inserted into the right

jugular vein to permit injection of nanoparticles (either

�v�3 targeted or untargeted). Subsequently, mice were

injected with 0.030 mL of nanoparticle emulsion
(equivalent to a whole body dose of 1 mg/kg body

mass) and ultrasound data were then acquired at 0, 15,

30, 60, and 120 min.

There is no evidence of change between 0- and

120-min grayscale conventional B-mode images (Fig. 17).

However, color versions of these images show a slight

change, although reference to the calibration bar

indicates that this is a weak effect not far separated
from the typical pixel values occurring in the rest of the

image. Moreover, this slight change was not reproducible

over the ensemble of animals injected with targeted

nanoparticles. However, the bottom half of the figure

shows Hf images reconstructed from the same raw RF

data, again, with a grayscale lookup table (LUT) in the top

row and color LUT in the bottom row. We see more

significant changes in the size of the brightest (red)
region, which is located between the skin-tumor capsule

boundary as expected. Unlike the conventional B-mode

image, the color calibration bar shows that this region is

composed of pixel values far brighter than the mean pixel

value occurring in the rest of the image.

Loss of spatial resolution between skin and tumor

capsule is also observable in the image as expected,

resulting from the smoothing effect of the moving
window analysis. In view of this smoothing, which tends

to reduce the variations in magnitude of a function, it is

somewhat surprising that the image shows greater

separation between the background and enhanced

regions. From the Hf images, we also see that the

magnitude of values in the region between the skin and

the tumor boundary increases with postinjection time.

Moreover, the shape and location of the regions are
consistent with a brightening effect due to accumulation

of nanoparticles in the angiogenic neovasculature [75],

[76]. From this image, we would expect that the mean

value of the thresholded region will increase in absolute

value. Indeed, this effect is typical of mice injected with

targeted emulsion as we will show in Fig. 18. However,

the same effect is not observed in conventional B-mode

images, nor is it observed in any of the mice that were
injected with nontargeted nanoparticles, regardless of

the signal processing used to reconstruct the image.

The top panel of Fig. 18 compares the change in mean

value of the 3% thresholded region (i.e., enhancement) for

the conventional B-mode images (logarithm of signal

envelope) as a function of time postinjection for controls

(open squares) versus targeted (solid black circles). These

plots show that the conventional B-mode images cannot be

used to distinguish between 0 and 120 min postinjection.
Corresponding results, obtained using entropy imaging Hf ,

are shown in the bottom panel of Fig. 18 using the same

vertical and horizontal scales as those of the top panel for

ease of comparison. The plots show that only the receiver

is able to distinguish between 0- and 120-min postinjection

(paired t-test produces p G 0:05). Moreover, the mean

values increase in an approximately linear fashion versus

time. The plot of control experiments shows there is no
significant change in enhancement with time in these

animals.

VI. RADIATION FORCES AND CONTACT
FACILITATED DRUG DELIVERY

A. Primary and Secondary Radiation Forces
By now it is relatively well known that acoustic waves

can exert measurable force on particles suspended in their

path. These forces manifest themselves in two ways. The

first, referred to as the primary radiation force, tends to

accelerate the suspended particles away from the source.

The second, referred to as a secondary force, is an
interparticle force that can be completely attractive if the

particles lie in contours perpendicular to the incident field

and can be repulsive if the particles are suspendend on a

line parallel to the incident field. One very useful form for

Fig. 18. (Top) Quantitative comparison of enhancement for Hf and

conventional B-mode images obtained using targeted nanoparticles.

Nosignificant changes areobservedwitheitheruntargetedor targeted

nanoparticles. (Bottom) Quantitative comparison of enhancement for

a entropy receiver (Hf ) obtained using targeted and untargeted

nanoparticles. Only the targeted nanoparticles produce a significant

change in enhancement (p G 0:05).
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these primary and interparticle (secondary) forces is given

by [77]

Fprimary ¼
V0P

2
A

4�0c
2
0

k sinð2kÞf �

�0

� �
(11)

where

f
�

�0

� �
¼ �0c

2
0

�c2
� 5�� 2�0

3�þ �0
(12)

Fig. 19. An example of primary and secondary radiation forces acting on perfluorocarbon nanoparticles. The direction of acoustic

insonification, indicated by the arrow in the middle panel, is the same in all three panels. (a) Before insonification, particles are arranged

randomly; (b) during insonification, particles line up on an axis perpendicular to direction of insonification and move away from source;

(c) after insonification, particle configuration is rerandomized by Brownian motion. Images were obtained using optical microscopy

(80 � objective) and a special specimen chamber [79].

Fig. 20. Schematic representation illustrating contact facilitated drug delivery. Phospholipids and drug within the nanoparticles’

surfactant exchange with lipids of the target membrane through a convection process, rather than diffusion, as is common among other

targeted systems. Neither insonification nor cell membrane rupture is required in this process, which has virtually no effect on cell viability

unless the nanoparticles are loaded with cell-killing drugs [43].
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V0 is the sphere volume, PA is the acoustic pressure

amplitude, � and �0 are the sphere and fluid density,

respectively, and c and c0 are the sound velocity in the

sphere and fluid, respectively. The interparticle force

given by

Fi:p: ¼
�fð	Þ
r4

(13)

where

� ¼ 2�

3

ð�� �0Þ2

�0
a3b3u20 (14)

where a and b are the sphere radii, r is their separation
distance, and u0 is the velocity amplitude of the suspending

medium. The action of these forces in vivo is to concentrate

the suspended nanoparticles and push them away from the

acoustic source (i.e., away from the center of arterial flow

and onto the capillary wall); see Fig. 19. This effect opens

the potential to increase their therapeutic efficacy.

B. In Vitro Results
Besides detecting sparse epitopes for noninvasive imag-

ing, PFC nanoparticles are capable of specifically and locally

delivering drugs and other therapeutic agents through a novel

process known as contact facilitated drug delivery [79].

Direct transfer of lipids and drugs from the nanoparticles’
surfactant layer to the cell membrane of the targeted cell is

Fig. 21. In vitro targeting of (FITC)-labeled nanoparticles (white arrows) targeted to �v�3-integrin expressed by C-32 melanoma cells, which

illustrate the delivery of FITC-labeled surfactant lipids into intracellular target cell membranes (yellow arrows). Reprinted with permission [13].
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usually a slow and inefficient process. Through ligand-
directed targeting, this process is accelerated by minimizing

the separation of the lipid surfaces and increasing the

frequency and duration of the lipid surface interactions (see

Figs. 20 and 21). Spatial localization (via high-resolution 19F

enhanced MR imaging) and quantification of the nanopar-

ticles (via 19F spectroscopy) permits the local therapeutic

concentrations to be estimated. Thus, PFC nanoparticles can

be used for detection, therapy, and treatment monitoring.
As an example, in vitro vascular smooth muscle cells

were treated with tissue-factor targeted PFC nanoparticles

containing 0, 0.2, or 2.0 mol% doxorubicin or paclitaxel or

an equivalent amount of drug in buffer solution alone [78].

With only targeting for 30 min, proliferation was inhibited

for three days and in vitro dissolution studies revealed that

nanoparticles’ drug release persisted over one week. High-

resolution MR imaging (see Section III-D) with 4.7 T

revealed the image intensity of the targeted vascular
smooth muscle cells was twofold higher compared with

nontargeted cells. In addition, the fluorine signal ampli-

tude at 4.7 T was unaffected by the presence of surface

gadolinium and was linearly correlated to the perfluor-

ocarbon concentrations, which by direct inference could

be related to nanoparticle number.

VII. CONCLUSION

Targeted liquid PFC nanoparticles are an extremely

versatile imaging platform capable of detecting sparse

biomarkers, such as integrins in angiogenesis, as well as

high-density epitopes, such as fibrin. They are unique in

that they can diagnose, treat, and monitor therapy in a Bone
step[ process. Their impact in the fields of cardiology and

oncology are predicted to be profound. h
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