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 Interest in microbubbles as vehicles for drug delivery has grown in recent 
years, due in part to characteristics that make them well suited for this 
role and in part to the need the for localized delivery of drugs in a number 
of applications. Microbubbles are inherently small, allowing transvascular 
 passage, they can be functionalized for targeted adhesion, and can be 
 acoustically driven, which facilitates ultrasound detection, production of 
bioeffects and controlled release of the cargo. This article provides an 
 overview of related microbubble biofluid mechanics and reviews recent 
developments in the application of microbubbles for targeted drug delivery. 
Additionally, related advances in non-bubble microparticles for drug delivery 
are briefly described in the context of targeted adhesion.  
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     1.   Introduction 

 Interest in microbubbles as suitable vehicles for drug delivery has grown in recent 
years. Blood-borne microbubbles are significant in a number of applications, 
such as ultrasound contrast agents, neovascularization and air embolism. 
 Consequently, a number of recent reviews have considered a variety of applications 
of microbubbles     [1-5] . This article aims to review recent developments in the 
 application of microbubbles for targeted drug delivery and to provide an overview 
of related bubble dynamics. First, an introductory review of microbubble biofluid 
mechanics and the potential applications of microbubble drug carriers is presented. 
Subsequently, recent progress in microbubble carriers, targeting approaches, drug 
release dynamics and microbubble clearance are described. These sections also 
include a brief discussion of related work on drug delivery via microparticles 
without gas cores, focusing on targeting and encapsulation features that could 
 potentially be incorporated into microbubble carriers. This is followed by a 
discussion of conclusions and future directions. 

  1.1   Microbubble and interfacial dynamics 
 The dynamics of microbubbles suspended in blood is governed by a complicated 
coupling between the mechanics of the gas comprising the bubble, the interface 
or shell encapsulating the bubble, and the surrounding blood. Understanding 
the resulting microbubble dynamics is paramount to developing sophisticated 
approaches to microbubble drug delivery. Gas transport, which is usually 
undesirable for microbubble drug carriers, into or out of the microbubble can 
be an additional complication. 

  1.1.1   Cardiovascular biofl uid mechanics 
 Cardiovascular biofluid mechanics has been the topic of several reviews     [6,7]  and is 
only briefly reviewed here to provide a basis for discussing microbubble dynamics. 
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Although blood is a complex suspension of cellular 
components within plasma, there are many flow scenarios in 
which blood may be considered as a continuum due to the 
small size of cellular components compared with the vessel 
diameters. Plasma itself is a Newtonian fluid, meaning it 
exhibits a linear relationship between shear stress and strain 
rate     [8,9] , but the presence of cellular components result in 
blood ’ s non-Newtonian behavior. Blood is visco-elastic, 
 meaning that it behaves as a solid when the shear stress is 
below its yield stress, and behaves as a shear thinning fluid 
when shear stress exceeds the yield stress     [8,9] . 

 For small enough vessels, such as capillaries, whose 
diameters are similar to that of red blood cells, the continuum 
approximation of blood is not valid. Consequently, studies 
of small-scale blood flow have considered the transport and 
deformation of individual red blood cells suspended in 
plasma, rather than considering blood to be a homogenous 
continuum     [10-16] . Previous studies of droplet suspensions have 
demonstrated that interfacial effects can lead to  ‘ tank treading ’  
and deformations of droplet shapes     [10,12,17-25] . Red blood 
cells undergo a tank-treading motion of the cell membrane 
about the cell interior     [26,27] . The part of the cell membrane 
near the vessel wall has small relative motion with respect 
to the wall and the part of the cell membrane closer to the 
center of the vessel moves forward. This reduces resistance to 
movement of the elongated cell in the vessel     [9] . 

 Blood flow is governed by conservation of fluid mass and 
conservation of linear momentum, which can be described 
mathematically by the continuity and Navier-Stokes equations 
for an incompressible, Newtonian fluid:

  (1)  

∇ ⋅ �u � 0

  (2)   

ρ ρ
∂
∂

� � � � �u

t
� �� � �( )u u u geg⋅ ∇



 ∇ ∇p 2

 In this equation,   ρ is fluid density,  g  is acceleration due 
to gravity, �eg  is a unit vector in the direction of gravity, 

�
x     is the 

position vector, �u     is the velocity vector,  p  is pressure, and  µ  is 
fluid viscosity. For non-Newtonian models of blood, the stress 
terms in the conservation of momentum equation 
reflect the stress – strain rate relationship for the fluid. 
The  vessel wall conditions, the appropriate conditions on the 
blood entering and leaving the region of interest, and the 
 presence of microbubbles dictate the appropriate boundary 
conditions on these governing equations. Analysis of 
 physiologic cardiovascular flows can require appropriate 
 simplifications and proper analysis requires retention of 
the dominant terms. Conservation of blood momentum 
and mass provide insights into the behavior of actual 
blood flow, and provide a basis for computational modeling 
of blood flow     [6,7,28-38] .  

  1.1.2   Interfacial tension 
 The gas comprising microbubbles is compressible, and is 
also subject to conservation of mass and momentum. The 
interfaces and encapsulating shells of microbubbles can 
deform. These deformations can be significant factors in the 
overall behavior of the microbubbles and in the generation 
of bioeffects in vessel walls near microbubbles. Interfacial 
 tension is responsible for many commonly observed 
 phenomena. Just a few examples include the break-up of 
jets into droplets (Rayleigh instability), the tendency of 
gas bubbles to assume a spherical shape in many equilibrium 
conditions, the rise of liquids in capillary tubes, and the 
 formation of  ‘ wine tears ’  on the inner surface of a wine 
glass (a thin layer of wine forms on the glass above the 
surface of the wine and droplets or  ‘ tears ’  flow back into 
the wine, due to the effects of surface tension gradients, 
gravity and evaporation)  [1,39-48] . Interfacial dynamics, 
which is described extensively elsewhere     [47-52] , is briefly 
 summarized here. 

 The pressure jump,  ∆  p , across a static interface is related to 
the mean interfacial curvature,  κ   m   and interfacial tension, σ  , 
by the Young-Laplace law:

  (3)   

mp 2� � κ

 This law indicates a larger jump in pressure for interfaces 
with a higher curvature or higher interfacial tension. More 
complicated constitutive equations can be used to account 
for interfacial viscosities and moduli of elasticity, and are 
described in detail elsewhere     [47] . The more general form 
of  Equation 3  that applies to a dynamic interface is:

  (4)   

sf n̂� � 
�

∆ κ ∇s

 In this equation, f   ω   is the traction at the interface, defined as �
f   =   s  =  ◊  n Ÿ,  s  =   is the stress tensor, ∇s   is the surface gradient 
operator, n 

Ÿ     is the unit normal to the interface, and  ∆ 
�
f     

is the jump in traction across the interface (e.g., the difference 
between the traction in the gas and traction in the blood). 
The stress tensor for a Newtonian fluid is:

  (5)   

σ ⋅� � � � �( ) ( [ ] )p I Tg g
� � � �e X u u∇ ∇

 I = is the identity matrix. Thus, we can see that  Equation 3  
indicates that the normal stress jump is balanced by the 
 interfacial curvature term and the jump in tangential stress is 
balanced by the interfacial tension gradient. In the absence of 
surfactants (surface active species) and temperature variations, 
 σ  is typically assumed constant. When surfactants are present, 
as can be the case in the blood and encapsulated microbubbles, 
 σ  depends on the interfacial surfactant concentration. 
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 The interface moves with the same normal component of 
velocity as the fluid at the interface, known as the interfacial 
kinematic boundary condition, such that:

  (6)   

∂
∂

⋅ ⋅
�

�Y
n u n

t
ˆ ˆ�

 
�

Y  is the interface position. The interfaces of microbubbles 
can deform with flow and acoustic driving, and consequently 
their shapes evolve in time. The evolution of microbubble 
interfaces and fluids (gas in the bubble and blood 
surrounding the bubble) are coupled, and theoretically 
 predicting the microbubble behavior requires solving an 
 inherently complex coupled moving boundary problem. 
 Interfacial tension can significantly impact the stresses and 
velocities at interfaces, and is important in a wide variety of 
physiological flows     [53-66] .  

  1.1.3   Gas transport 
 In addition to deformation due to flow, interfacial tension, 
changes in surrounding blood pressure, and acoustic driving, 
microbubbles can grow or shrink as gas enters or leaves the 
microbubble. Blood-soluble gases are transported within the 
blood by convection and diffusion. Conservation of gas mass 
in the bulk yields the gas transport equation:

  (7)   

∂
∂
C

t
Cu D C� �∇ ⋅ ∇ ⋅ ∇( ) ( )�

  C  is the gas concentration in the blood and  D  is the 
gas  diffusivity in blood. The Peclet number,  Pe   =   UL / D , 
 indicates the relative importance of convection compared 
with diffusion, where  U  is the characteristic velocity scale, 
and  L  is the characteristic length scale. As can be seen 
from  Equation 7 , convective gas transport in the blood 
is dependent on the velocity field in the blood. Thus, the 
 tendency of microbubbles to grow or shrink can be 
significantly affected by blood flow, and static microbubbles 
are expected to deflate at a slower rate than freely circulating 
ones. Additionally, encapsulation of microbubbles can 
 substantially slow diffusion of gas out of the microbubble. 
Transport of gas out of microbubbles and through the 
nearby blood can significantly affect microbubble stability, 
which is discussed below.   

  1.2   Potential applications 
 The effectiveness of chemotherapy, which is intended to 
 eradicate rapidly proliferating cancer cells, is often hampered 
by the systemic toxicity of the chemotherapy agents. Thus, 
localized drug delivery could have a significant impact in 
improving the efficacy and minimizing the side effects 
 associated with chemotherapy. For example, doxorubicin 
is a common chemotherapeutic because of its multiple 

modes of action, but its side effects, such as cardiotoxicity 
and nephrotoxicity, limit dosing and effectiveness     [67,68] . 
 Consequently, there is considerable interest in microbubbles 
for the localized delivery of chemotherapy agents.  
Additionally, localized delivery of drugs and genetic materials 
to atherosclerotic plaques, thrombus, and other regions of 
 cardiovascular disease  [18,69-73] , as well as drug delivery to 
the brain     [74] , has attracted interest.   

  2.   Microbubble carriers 

  2.1   Gas components 
 Microbubbles for drug delivery are similar in composition to 
microbubble contrast agents, which were developed to 
enhance the acoustic signal from blood during ultrasound 
imaging. First-generation ultrasound contrast agents were 
comprised of air  [2,75-78] . As noted above, the transport of 
gas out of microbubbles is influenced by convection and 
 diffusion. Many of these first-generation microbubble 
contrast agents had limited success. They were hindered by 
short circulation times that resulted from the gas comprising 
them being absorbed by the surrounding blood. In the 1990s, 
two primary approaches were taken to address this 
challenge of bubble stability: use of low-solubility gases (high 
molecular weights and low diffusivities) and thick gas 
 impermeable shells for encapsulating the microbubbles. 
 Subsequent microbubbles were engineered using one or a 
combination of these approaches. Most of these microbubbles 
have been comprised of air, nitrogen, perfluorocarbons, or 
sulfur hexafluoride  [2,79-84] .  

  2.2   Shell components 
 As noted above, bubble stability is a primary consideration in 
designing microbubbles. Prior to the second generation of 
microbubble contrast agents, the presence of surface-active 
lipids or proteins that form monolayers at the interface of 
gas bubbles had been demonstrated to stabilize bubbles in 
studies related to cavitation, decompression sickness and 
air embolism     [85-91] . Although microbubble stabilization is 
undesired in air embolism, it is needed for effective ultrasound 
contrast agents. The encapsulation of microbubbles has 
resulted in significantly improved stability     [85-103] . A schematic 
of a lipid-encapsulated microbubble, with ligands for targeted 
adhesion and the drug cargo incorporated into the shell, is 
shown in  Figure 1 . 

 A number of surface-active materials have been investigated 
for encapsulation of microbubble ultrasound contrast 
agents, including lipids     [92,93,95,104-110] , proteins and 
polymers  [96,111-114] . An investigation of alginate encapsulation 
of genetically modified cells concluded that this approach 
may be an effective strategy for delivering therapeutics to 
the injured spinal cord     [115] . The release of fluorescein 
 isothiocyanate labeled bovine serum albumin from 
alginate-microencapsulated liposomes showed the potential 
of that system for drug delivery     [116] . The development 

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

2/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The application of microbubbles for targeted drug delivery

478 Expert Opin. Drug Deliv. (2007) 4(5)

of effective encapsulation approaches has resulted in 
 transvascular microbubbles sufficiently stable for imaging and 
drug delivery. Just two examples of encapsulated microbubbles 
are Definity  ®   (Bristol-Myers Squibb Medical Imaging) and 
Sonovist  ®   (Schering AG), which use a lipid/surfactant shell 
and a cyanoacrylate polymer shell, respectively. 

 Microbubbles with surface-active coatings, such as lipids, 
are usually formed by high-shear dispersion of the core gas 
within aqueous media that contains the lipid in micellar 
or liposomal form. Such shear flows can arise from sonication 
or other scenarios     [117,118] . When the gas is dispersed in the 
media, the surface-active lipids form a monolayer on the 
microbubble interface. The size distribution of the resulting 
microbubbles depends on the flow parameters, and the gas 
and lipid properties. Recent work has also used microfluidics 
circuits to produce encapsulated microbubbles     [119] . The 
 addition of a negatively charged lipid within the bulk 
lipid     [120]  or surface brush of a hydrophilic polymer, such 
as PEG     [2],  reduces the rate of shell fusion and microbubble 
coalescence. Commercially available microbubble contrast 
agents of this type are typically dry preparations that are 
 reconstituted prior to injection and require use within hours 
after preparation     [117,120] . More stable preparations (years of 
storage in the aqueous form) may be produced with thicker 
shells, such as denatured albumin     [80] , gel phase lipids with 
surface PEG brushes     [121] , or solid polymers     [122] , to avoid 
fusion. Despite this success in producing stable microbubbles 
for use as ultrasound contrast agents, microbubble stability is 
an important research topic, particularly as it relates to drug 
delivery. Unstable microbubbles could compromise the ability 
of these approaches to deliver drugs to the targeted location 
and could result in unintentional delivery to other tissues. 
Stronger shell components enhance stability but modify the 
acoustic response of the microbubble. 

 A number of studies have examined microbubble 
stability and the dynamics of the encapsulating lipid 
during microbubble dissolution. Borden and Longo     [123]  
examined gas transport and dissolution of lipid-encapsulated 
 microbubbles. They found gas permeation resistance to 

Hydrophobic drug

Lipid monolayer

Ligand

Gas core

PEG spacer arm

   Figure 1     . An encapsulated microbubble, with hydrophobic 
drug cargo incorporated into the lipid shell . PEG spacer arms 
connect the ligands to the shell.   

be a significant factor in controlling the dissolution rate 
of lipid-coated microbubbles and noted that it increased 
monotonically with lipid hydrophobic chain length. For 
short-chain lipids, the dissolution process involved continuous 
shedding of lipid from the shell to accommodate the bubble ’ s 
shrinking gas volume. They observed a cyclic process of 
 buckling and shedding of long-chain lipids and a proposed 
a mechanism involving adhesive zippering of apposing 
 monolayers to describe the phenomenon. 

 In another study, Borden  et al.  used langmuir trough 
 methods and fluorescence microscopy to investigate the phase 
behavior and microstructure of monolayer shells coating 
microbubbles     [124] . The monolayer shells were composed of a 
homologous series of saturated acyl chain phospholipids and 
an emulsifier containing a single hydrophobic stearate chain 
and PEG head group. An assortment of condensed phase area 
fractions and domain morphologies were observed in each 
batch of microbubbles. Compression of the monolayer past 
the PEG-emulsifier squeeze-out surface pressure resulted in 
a dark shell composed entirely of lipid, and under certain 
 conditions, the PEG-emulsifier was reincorporated upon 
 subsequent expansion. A related investigation demonstrated a 
variety of lipid monolayer collapse modes during dissolution 
of encapsulated air microbubbles, including substantial 
surface buckling with simultaneous nucleation and growth of 
folds for very rigid monolayers     [125] . A study of lipid-coated 
microbubble shells using a combination of spectroscopy and 
microscopy techniques found that the shell forms ordered 
domains that are composed primarily of phosphatidyl choline, 
and disordered interdomain regions that are enriched in 
 lipopolymer     [126] . The authors noted that the overall high 
 variation in microstructure highlights the nonequilibrium 
(history-dependent) nature of the monolayer shell and that 
the surface distribution of the shell species dictates ligand 
 location, brush coverage and amount of drug loading. 

 Other studies have examined the stability of microbubbles 
when exposed to ultrasound and found that i) higher 
 concentrations of microbubbles, lower ultrasound transmit 
power settings, and intermittent imaging each can reduce 
the rate of destruction of microspheres     [127] ; and ii) the 
 destruction of gas-filled microbubbles in the ultrasound 
field of the medical imaging system is influenced by the 
nature of the gas inside the bubbles with deflation occurring 
substantially faster for air-filled bubbles compared with 
 perfluorocarbon-filled bubbles     [128] . Lankford  et al.  investi-
gated whether microbubble attachment to cells influences 
their acoustic signal generation and stability     [129] . They 
 concluded that attachment of targeted microbubbles to rigid 
surfaces results in damping and a reduction of their acoustic 
signal, which is not seen when microbubbles are attached to 
cells. They also demonstrated that that free microbubbles 
undergo a reduction in size and concentration after their 
removal from a gas-saturated environment and placement in 
room air-equilibrated culture medium at 37 ° C for 20 min. 
However, microbubble attachment to cells prevented gas 
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 volume loss under the same conditions, perhaps due to 
 differences in gas transport and bubble interface behavior. 

 In addition to the shell for encapsulation, microbubbles 
for targeted imaging or drug delivery often include other 
 components, such as ligands for targeted binding and/or 
arms to which ligands are attached. Targeting approaches are 
described in more detail in Section 3. As discussed in more 
detail below, some microbubble carrier designs for drug 
 delivery incorporate the drug cargo into the shell. Although 
microbubbles for drug delivery are similar those for ultrasound 
contrast, the addition of the drug cargo and consideration 
of optimal delivery may require modifications to optimize 
drug delivery. For example, surface distribution of the 
 encapsulating shell species can affect ligand location, brush 
coverage, and amount of drug loading; and it has been 
shown that there is a high overall variation in microstructure, 
including the existence of anomalous three-phase coexistence, 
in lipid monolayer shells     [126] .  

  2.3   Carrier designs 
 Several approaches to microbubble carrier design have been 
explored in the literature     [69,103,116,130-139] . These can be classi-
fied as i) co-administration; ii) attachment; iii) incorporation, 
and iv) containment     [3] . In co-administration, the drug 
delivery vehicles are co-administered along with the micro-
bubbles, but are separate from the microbubbles     [137,139] . 
This approach makes use of the enhanced vessel wall 
permeability that can be induced by microbubbles, but does 
not require development of specific microbubble carriers. In 
attachment, the drug or drug delivery vehicles are attached to 
the microbubble shell. Incorporation refers to the drug or 
delivery vehicles being incorporated into the microbubble 
shell     [140] , as illustrated in  Figure 1 . In the containment 
approach, drug is contained within the mircobubble, rather 
than within the shell. The choice of design approach depends 
on the drug, gas, shell material, target site and targeting 
approach. For example, a surface-active monolayer shell 
with a water-soluble drug cargo inside the gas core of the 
bubble may not be a stable configuration     [5] . A dry drug inside 
the bubble would absorb water in order to minimize the 
 system ’ s free energy, resulting in an unstable monolayer 
 configuration. However, such a drug in a gas core contained 
within a solid polymer shell would be stable     [5,141] .   

  3.   Targeting approaches 

  3.1   Specifi c ligands and targets 
 Targeted microbubbles are of interest for both therapeutic 
and diagnostic applications, and a number of targeting 
approaches have been investigated. Targeted adhesion of 
micro- and nanoparticles, including particles that do not 
have gas cores, has been investigated by a number of 
research groups. Although the acoustic response and release 
mechanisms can be different in the absence of a gas core, 
there are similarities in the targeting aspects, and those 

approaches that may be most applicable for microbubbles are 
also briefly mentioned here. 

 Some targeting approaches have primarily made use of 
charge for attachment of microbubbles to particular 
locations in the vasculature. For example, lipid-encapsulated 
microbubbles with a net negative charge can be retained 
within capillaries via complement-mediated attachment to 
endothelium     [142] . Lipid-coated microbubbles have been 
shown to selectively accumulate in rat brain gliomas     [110] , and 
to increase the echogenicity of rat liver tumors     [109] . Lipid 
coated microbubbles have also been found to be internalized 
by glioblastoma and gliosarcoma tumor cells  in vivo  and 
 in vitro , with no evidence of them in the surrounding normal 
brain tissue in  in vivo  experiments     [143] . 

 Other targeting approaches have used specific microbubble 
shell materials, or conjugated monoclonal antibodies or other 
ligands to these shells, that recognize antigens expressed in 
regions of disease as a means to target delivery to the diseased 
tissue. The adhesion mechanisms in this type of targeted 
 delivery are similar to the adhesion mechanisms involved 
in leukocyte adhesion, a process comprised of leukocyte 
rolling and attachment dynamics     [144-154] . Similar targeting 
strategies are used in related micro- and nanoparticle drug 
delivery approaches     [155,156] . A biotinylated, lipid-coated, 
 perfluorocarbon contrast agent was demonstrated to target 
thrombi  in vivo      [157] . In another study, antibody-conjugated 
liposomes were shown to attach to fibrin on slides and to fibrous 
plaques of the arterial segments, whereas unconjugated lipo-
somes did not     [158] . A subsequent  in vivo  study showed that 
liposomes conjugated to antifibrinogen or anti-intercellular 
adhesion molecule (ICAM)-1 target atherosclerotic plaques and 
thrombi     [159] . Another investigation showed that conjugating 
monoclonal antibodies against murine P-selectin to the lipid shell 
of microbubbles allowed them to target them to P-selectin     [160] . 
Other targeting work included the development of an angio-
genesis-targeted microbubble ultrasound contrast agent     [161] , tar-
geted  microbubble adhesion to atherosclerotic plaques     [162] , 
and  perfluorobutane-filled microbubbles with anti-inflammatory 
marker ICAM-1 monoclonal antibodies conjugated to 
the lipid shell     [163] . In related work, Weller  et al.  used 
targeted microbubbles to detect rejecting rat cardiac 
transplant myocardium     [164] . A subsequent study demon-
strated that microbubbles targeted to tumor vasculature via 
arginine – arginine – leucine preferentially adhered to tumor 
vasculature compared with normal vasculature     [165] . Poly 
(lactic acid), (PLA), microcapsules conjugated with the 
Arg – Gly – Asp (RGD) peptide sequence were shown to 
adhere specifically to a breast cancer cell line MDA-MB-231 
in static experiments     [133]   –  a technique that could potentially 
be useful in drug delivery. Other work demonstrated the 
potential for microbubble-enhanced ultrasound to deliver 
an antisense oligodeoxynucleotide targeting the human 
 androgen receptor into prostate tumors     [166] . A number of 
investigations have examined the use of microbubbles for 
delivery of protein     [167]  and genetic material     [168-171] .  
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  3.2   Approaches to enhance adhesion 
 The targeting strategies described above require that the 
 functionalized microbubble become close enough to the 
vessel wall for binding to occur. This is similar to the process 
of leukocyte adhesion and can involve rolling prior to binding. 
Microbubbles behave similarly to red blood cells, and tend 
to be transported into the faster moving blood near the 
center of vessels rather than the slower moving regions near 
the vessel wall     [172] . This poses a challenge to targeted 
adhesion, particularly in larger vessels. In the microcirculation, 
this behavior is also an obstacle to adhesion, but may be 
 counteracted by hemodynamic effects     [173] . There are several 
designs for the attachment of antibodies and ligands to the 
microbubble surface, some of which are intended to enhance 
adhesion by addressing the radial variation in velocity within 
the blood vessels and adhesion dynamics     [117] . One design is 
to attach the ligand directly to the shell, either by conjugation 
of the ligand and shell molecules in a separate procedure 
prior to forming the microbubble     [174]  or by conjugation of 
the ligand with the shell of preformed molecules     [160,175] . 
Attachment of ligands to preformed microbubbles may be 
covalent     [175]  or noncovalent     [160] . Another design is to use 
spacer arms between the shell and ligand     [73,176,177] , as 
shown in  Figure 1 . This can enhance adhesion by increasing 
the number of ligands that can be attached to a microbubble 
of a particular size, increasing the likelihood of retention by 
the target after the initial collision. Flexible spacer arms, such 
as PEG, allow the ligand to interact with more of the target 
surface and to extend past the PEG brush that is sometimes 
included on the shell surface. These features result in a 
microbubble targeting system that increases the chance of 
adhesion compared with attaching ligands directly to the 
shell     [117,178] . Attachment can be enhanced by varying 
polymer chain length and density     [179,180] . As noted in 
Section 2, the addition of shell components can result a 
rich variety of phenomena when the microbubbles are 
 acoustically driven and when they deflate due to gas loss. The 
specific behavior depends on the particular components of 
the shell and their surface activity. An investigation of 
 microbubble adhesion and retention under shear flow 
 demonstrated that accumulation and retention of targeted 
ultrasound contrast agents is possible under physiologic flow 
conditions, and noted that both are strongly influenced by 
shear stress and surface density of the target receptor     [181] . 
A number of studies have examined targeted adhesion under 
high shear flow     [182,183] . 

 Another approach to enhance microbubble adhesion is to 
use acoustic radiation forces to direct microbubbles towards 
the vessel walls     [184,185] . Microbubble     [186]  and liposome     [138]  
adhesion under acoustic pressure, and microbubble adhesion 
to cultured endothelial cells     [186]  have been investigated. 
Rychak  et al.  examined the flow and acoustic conditions 
under which acoustic radiation force enhances adhesion, and 
provided evidence that acoustic radiation forces increases 
 targeted microbubble adhesion, using an  in vitro  model     [187] . 

Ultrasound radiation force was shown to enable targeted 
deposition of model drug carriers loaded on microbubbles     [188] . 
Another study demonstrated that ultrasound radiation force 
modulates ligand availability on targeted contrast agents     [189] . 
Dayton  et al.  used theory and experiments to demonstrate 
the displacement of perfluorocarbon nanoparticles in the 
direction of ultrasound propagation, and the feasibility of 
ultrasound enhanced particle internalization and therapeutic 
delivery     [190] . Another approaches at improving adhesion 
in targeted delivery include making the microbubbles 
 deformable to increase microbubble – endothelium adhesion 
contact area and stabilize adhesion     [191] .   

  4.   Drug release dynamics 

  4.1   Acoustic driving of bubbles 
 As noted above, much of the initial interest in developing 
encapsulated microbubbles was motivated by their potential 
as ultrasound contrast agents and the fact that they can 
be designed to produce a unique signature within an 
acoustic field, and detection of this signature is the basis 
of contrast-enhanced ultrasound     [1,4,5,132] . Microbubbles 
resonate with a natural frequency. The acoustic signature 
of a microbubble depends on the size, compressibility and 
density of the gas bubble, the viscosity and density of the 
surrounding liquid, the ultrasound frequency and power, and 
the presence of an encapsulating shell  [94,192-195] . These 
 acoustically induced bubble oscillations represent one form 
of acoustic driving of microbubbles, a form that is especially 
important for diagnostics. 

 Higher power ultrasound driving of microbubbles results 
in more extreme oscillation of the bubble radius. This is 
 relevant to drug delivery via microbubble carriers because 
these large oscillations can lead to high vessel wall stresses 
and strong enough driving can cause microbubble collapse, 
thereby destroying the microbubble. Both of these have 
 important implications for drug delivery. The ability to 
destroy microbubbles via ultrasound further enhances the 
site-specific delivery of drugs, and potentially improves 
drug efficacy while minimizing systemic adverse effects. 
Microbubble destruction releases the cargo in attachment 
and incorporation carrier designs (by fracturing the shell), by 
eliminating the bubble with the containment approach, 
and can enhance delivery in all four carrier approaches 
by enhancing vessel permeability     [69,103,116,130-139,196-200] . 
A number of theoretical and experimental studies have 
 examined microbubble destruction     [201-208] . These studies 
have shown that bubble collapse can lead to the formation 
of jets that can impact the nearby vessel walls, potentially 
inducing bioeffects and changes in permeability. Experimental 
and theoretical investigations of microbubble destruction 
mechanisms for microbubbles demonstrated that fragmen-
tation can lead to the rapid destruction of microbubbles 
on a time scale of microseconds     [131] . Another study 
showed that destruction mechanism varies with initial radius, 
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for 0.5  –  12.0  µ m diameter microbubbles with an outer lipid 
coating, an oil layer, and a perfluorobutane gas core     [135] . 
Microbubbles smaller than resonance size were found to 
undergo symmetric collapse, but microbubbles between 
resonance size and twice resonance size exhibited asymmetrical 
oscillations. The destruction mode for microbubbles more 
than twice the resonance size is bubble pinch-off, with one 
fragment containing most of the original bubble volume. 
Christiansen  et al.  investigated the mechanisms of gene 
 transfection by ultrasound destruction of plasmid-bearing 
microbubbles     [209] . Microbubble destruction has also been 
shown to depend on the encapsulating shell constituents     [210] . 

 Microbubbles undergoing large oscillations while confined 
in small-diameter vessels, as in the microcirculation, can lead 
to high vessel wall stresses or vessel wall rupture, both of 
which affect the permeability of the vessels. Experiments 
with perfluorocarbon microbubbles demonstrated that 
 microbubbles with bioactive albumin on their surface that 
can bind synthetic antisense oligonucleotides and then 
release them in the presence of diagnostic ultrasound     [211] . 
An  in vitro  study of the acoustic driving of microbubbles 
for drug delivery showed that a train of ultrasound pulses 
can alter the structure of an albumin-shelled bubble, initiate 
various mechanisms of bubble destruction or produce 
 aggregation     [132] . Related studies also examined acoustic 
 driving of microbubbles     [97,101] . High-speed imaging 
 experiments demonstrated that polymer-shelled microbubbles 
and lipid-shelled microbubbles exhibit different responses to 
acoustic pulses     [100] . Microbubbles encapsulated in polymer 
shells did not oscillate significantly. Although a gas bubble 
was ejected through a shell defect, the shell appeared to remain 
mostly intact. 

 A computational study of the expansion of microbubbles 
resulting from acoustic droplet vaporization in essentially 
rigid microvessels demonstrated that smaller microbubble 
diameters, relative to the vessel radius, have less potential to 
damage or rupture vessel walls     [212] .  Figure 2  shows pressure 
and shear stress along the vessel wall at various times 
during the growth phase (collapse is not shown), and the 
 corresponding bubble shapes at the same times. The bubble 
diameter is initially half the vessel diameter, and only the 
right half of the domain is shown because it was considered 
to be symmetric. A similar computational investigation with a 
flexible vessel wall model by the same authors demonstrated 
that wall flexibility significantly reduces the wall stress and 
can substantially modify the flow field induced by the 
 expanding bubble     [213] .  Figure 3  shows the bubble shape at 
various times and the corresponding streamlines within the 
surrounding blood. The resulting flow field for a flexible 
vessel model is significantly different from that for a rigid 
 vessel model. In-flow at the tube ends and out-flow near 
the bubble surface occur due to the combined effects of 
bubble and tube  deformation. For sufficiently flexible 
walls, the expanding bubble pushes the vessel wall out fast 
enough that inflow towards the bubble occurs at the ends of 

the vessel. A subsequent investigation of ultrasound-induced 
microbubble oscillations also predicted that increasing vessel 
stiffness increases the circumferential stress in vessels and 
that decreasing the vessel size or the centre frequency increases 
the circumferential stress     [214] . A related study investigated 
microbubble-induced bioeffects in shockwave lithotripsy     [215] .  

  4.2   Vessel permeability and dependence 
on acoustic driving 
 The acoustic driving of microbubbles has a significant impact 
on vessel wall stress and permeability, which in turn affect 
drug uptake. Price  et al.      [137]  demonstrated the ability of 
 ultrasound destruction of microbubbles in microvessels to 
deliver fluorescent red blood cells and polymer microspheres 
(205 and 503 nm in diameter) to the interstitium of skeletal 
muscle in an exteriorized rat spinotrapezius model, as shown 
in  Figure 4 . This study suggested the potential of acoustic 
destruction of microbubbles for delivery of particles or 
drug across the endothelium of the microcirculation of 
the target tissue. A related study examined the effects of 
 microbubble destruction on surrounding tissue and demon-
strated that microbubbles can be destroyed by ultrasound, 
resulting in a bioeffect that could be used for local drug 
delivery angiogenesis, and vascular remodeling, or for tumor 
destruction     [139] .  Figure 5  shows the extravasation of red 
blood cells that resulted from microbubble destruction. These 
initial studies suggest the potential of acoustic driving of 
microbubbles to increase vessel permeability and enhance 
uptake of drugs by surrounding tissue. Subsequent studies 
have considered how to optimize parameters for specific 
 delivery applications and cargo     [200,209,216-219] .  

  4.3   Microbubbles and ultrasound for localized 
opening of the blood – brain barrier 
 Related to the vessel permeability issues discussed in 
Section 4.2 is the specific application of microbubbles and 
ultrasound to the blood – brain barrier (BBB). This specialized 
system of capillary endothelial cells allows required nutrients 
to pass through while protecting the brain from harmful 
 substances in the blood, and is a significant obstacle to 
drug delivery to the brain     [220] . A number of studies have 
examined the potential for microbubble carriers to enable 
transport through the BBB. This work is described in detail 
elsewhere     [221] , and is briefly discussed here with an emphasis 
on its microbubble aspects. 

 Motivated by decompression sickness, Hills and James 
demonstrated that microbubbles impair the BBB integrity 
to protein     [222] . An investigation of high-intensity pulsed 
 ultrasound effects on the rabbit brain showed that histologic 
response depended on acoustic parameters, such as pulse 
 duration, the number of pulses and repetition frequency, and 
that BBB breakage could be induced     [223] . The same group 
later demonstrated that the BBB can be consistently opened 
with focused ultrasound exposures in the presence of a 
 microbubble contrast agent     [224] . A related study in a rabbit 
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Figure 2. A. Pressure; and B. shear stress along the top wall of the tube at various times for the following parameter 
values: Reynolds number = 427.59, Weber number = 6.93, Strouhal number = 10.47, initial bubble pressure = 20 bar, and 
initial bubble diameter = 1/2 of the vessel diameter. The horizontal axis indicates axial position, z. Only the signifi cant portion of 
the tube, z ≤ 4, for shear stress is shown. The dimensional stress is 11,338.8 N/m2 per dimensionless unit. C. Bubble shapes at times 
presented in A. and B.
Reproduced from YE T, BULL JL: Direct numerical simulations of micro-bubble expansion in gas embolotherapy. J. Biomech. Eng. (2004) 126:745-759 
with permission from ASME publications.
r: Radial position; z: Longitudinal position.
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Figure 3. Bubble and wall shapes, and streamlines at 
dimensionless times t = 0.004, 0.4, 0.8, 1.2, and 1.6 for, for 
the same parameter values as in Figure 2 and dimensionless 
wall stiffness = Ws = 5 ¥ 10-9, and dimensionless wall 
tension = Wt = 0.05. Only half of the physical domain, 
0 £ z £ 3.5, is shown because of symmetry.
Reproduced from YE T, BULL JL: Microbubble expansion in a fl exible tube. 
J. Biomech. Eng. (2006) 128:554-563, with permission from ASME publications.
Dt: Tube diameter; r: Radial position, z: Longitudinal position.

model showed that the ultrasound exposure levels typically 
used for blood flow measurements in the brain are below 
the threshold of BBB opening or brain tissue damage and 
noted that brain damage can be induced at increased 
exposure levels     [225] . A separate investigation of alteration of 

the BBB from ultrasonic contrast agent destruction by 
 diagnostic transcranial color-coded sonography suggested the 
safety of ultrasonic destruction of Levovist  ®   (Schering AG) 
and Optison ™  (GE Healthcare) microbubbles by diagnostic 
transcranial color-coded sonography     [226] . However, the 
authors noted that more subtle local effects may have been 
missed by gadolinium-enhanced magnetic resonance imaging 
and suggested that studies on microbubble-based drug 
delivery strategies should consider ultrasonic contrast agent 
microbubble characteristics and concentration as well as 
 ultrasound transmission power levels. 

 A later study suggested several mechanisms responsible for 
this transient opening of the BBB by ultrasound and micro-
bubbles, including transcytosis; endothelial cell cytoplasmic 
openings-fenestration and channel formation; opening of a 
part of tight junctions; and free passage through the injured 
endothelium (with the higher power sonications)     [227] . The 
ability of MRI-derived temperature information to better 
 predict damage, compared with the ultrasound parameters, 
in this application was noted by McDannold  et al.      [228] . 
 Subsequent studies in the rabbit model demonstrated 
i) completely noninvasive focal disruption of the BBB is 
 possible     [229] ; ii) safety of the method for targeted drug 
delivery compared with presently available invasive 
methods     [230] ; iii) MRI-derived temperature measurements 
appeared to correlate with focused ultrasound-induced lesions 
in the brain when microbubbles were present, despite the 
 temperature appearing to be below the threshold for 
thermal damage; and iv) BBB disruption can occur without 
indicators for inertial cavitation, suggesting that if 
inertial cavitation is not responsible for the disruption 
that other  ultrasound – microbubble interactions likely 
are     [231] . A related numerical simulation indicated the 
feasibility of transcranial ultrasound focusing with a 
non-moving phased array and without skull-specific 
aberration correction     [232] . 

 Further investigation in the rabbit model revealed that 
 vesicle transport of tracer molecules was higher in brain 
 arterioles than in capillaries and venules following ultrasound-
induced opening of the BBB     [233] , and demonstrated the 
ability to provide temporary disruption of the BBB at targeted 
locations     [234] . The ability to deliver antibodies across the BBB 
with this approach was also reported     [235,236] . Raymond  et al.  
used multiphoton microscopy to further investigate the 
 permeabilization mechanism and immediate effects of 
 ultrasound/microbubbles on the BBB     [74] . Their results 
 corroborated previous studies ’  suggestions of increased 
 endothelial transcytosis and breached tight junctions, and 
also demonstrated vasoconstriction. McDannold  et al.  
 demonstrated the ability to produce temporary BBB 
disruption with the microbubble contrast agent Definity, 
rather than the Optison that the group had previously 
used     [237] . They noted that under the conditions of 
their experiments, Optison produced a larger effect at the 
same acoustic pressure. 
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B

C

A

Figure 4. Combined transilluminated and epifl uorescent images of red fl uorescent 205-nm-diameter polymer microspheres 
(A), red fl uorescent 503-nm-diameter polymer microspheres (B), and DiIC18(3)-labeled red blood cells (C) that have been 
delivered to the interstitium of rat spinotrapezius muscle through microvessel ruptures created by application of a single 
frame of ultrasound. 
Bars indicate 100 µm.
Reproduced from PRICE RJ, SKYBA DM, KAUL S, SKALAK TC: Delivery of colloidal particles and red blood cells to tissue through microvessel ruptures created by 
targeted microbubble destruction with ultrasound. Circulation (1998) 98:1264-1267, with permission.

A. B.

Figure 5. Intravital images of microvessels in rat spinotrapezius muscle. A. Normal muscle and intact capillaries under 
transillumination (×20 objective) after injection of microbubbles but before insonifi cation with ultrasound. B. Composite image created 
from transilluminated and epi-illuminated images after ultrasound exposure in presence of microbubbles. Ruptured capillary with 
extravasation of red blood cells is shown. White arrows indicate propidium iodide-labeled nonviable cells; black arrow indicates fragments 
of destroyed microbubble. Scale bar = 20 µm.
Reproduced from SKYBA DM, PRICE RJ, LINKA AZ et al.: Direct in vivo visualization of intravascular destruction of microbubbles by ultrasound and its local effects on 
tissue. Circulation (1998) 98:290-293, with permission.
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 In a separate study, Choi  et al.  demonstrated the feasibility 
of locally opening the BBB in mice using focused ultrasound 
through intact skull and skin, and noted the significance of 
this as a step towards localized drug delivery to the brain     [238] . 
Coussios  et al.  presented models of how different types of 
cavitation activity, in the context of high-intensity focused 
ultrasound, can serve to accelerate tissue heating, and noted 
that their results suggest that the absorption of broadband 
acoustic emissions generated byinertial cavitation may be 
responsible for the bulk of the enhanced heating effect     [239] .   

  5.   Microbubble clearance 

 Localized drug delivery is usually preferred to systemic 
delivery when drugs have either high toxicity or high cost. 
Microbubbles have been shown to be cleared from the blood 
by the liver or spleen     [240-243] . Although hepatic clearance of 
perfluorobutane microbubbles by Kupffer cells has been 
shown to not reduce the ability of liver to phagocytose or 
degrade albumin microspheres     [242] , the impact of clearance 
of drug along with microbubbles has not been thoroughly 
investigated. The effects of the specific drug within the 
 microbubble carrier on the liver will need to be examined 
for each drug, as effects will be drug dependent. If delivery 
can be confined to the tumor or other target region by a 
 relatively high binding rate, the time the carriers spend 
in  circulation will be reduced and, consequently, there 
will be less opportunity for uptake by the liver occurs 
before the microbubble carriers reach their target. Ideally, 
the drug-microbubble carrier would be non-toxic unless 
acoustically activated. For example, plasmid DNA in a 
 microbubble carrier has been shown to have no detectable 
transfection in any tissues in the absence of ultrasound 
activation     [209] . Even in less than ideal scenarios, microbubble 
carriers for localized delivery are anticipated to be far more 
efficient that systemic chemotherapy because of their potential 
for greatly reducing the overall dose size and exposure of 
non-tumor tissues to chemotherapeutics.  

  6.   Conclusions 

 There has been much recent progress in the development 
of microbubble carriers for drug delivery and in the corre-
sponding targeting approaches. Effective localized delivery of 
drugs and genetic material via microbubbles would have a 
significant clinical impact by reducing toxicity side effects and 
potential cost reduction. Work in this area has demonstrated 
the feasibility of many targeting approaches for many targets, 
and has provided a basis for further optimization of 
microbubble carrier designs.  

  7.   Expert opinion 

 Progress in the development of microbubble carriers for 
drug delivery and in novel targeting approaches, along 

with the availability of ultrasound equipment in the clinic, 
creates a foundation for translation of many of these 
developmental approaches to localized drug delivery. 
Despite this  success, there are still many questions and 
 limitations that must be addressed before these approaches 
can be considered for use in patients. A better understanding 
of bioeffects and vessel permeability induced by acoustically 
driven  microbubbles and the related bubble dynamics 
will be essential to developing sophisticated strategies for 
the delivery of cargo from microbubbles. A more complete 
understanding of the underlying fundamental biofluid 
mechanics is needed to address those questions. As noted 
in a number of the studies described here, many of these 
 questions related to drug delivery and induced permeability 
changes are difficult to address  in vivo , and the mechanisms 
involved are complicated and numerous. Several of these 
investigations have noted the likely involvement of 
interfacial dynamics and gas transport in the resulting 
 microbubble behavior and physiologic response. Biofluid 
mechanics approaches will also provide important informa-
tion regarding the effects of microbubble deformation, 
 orientation and rotation on  stability, production of 
bioeffects and targeted drug delivery. Most theoretical and 
computational analyses of acoustically driven microbubbles 
have either ignored the presence of drug cargo or considered 
it in an idealized manner. As the incorporation of the drug 
into the microbubble carriers becomes more sophisticated, 
more complete and realistic  characterizations will be needed 
to optimize carrier designs and performance. Encapsulation 
and adhesion approaches by themselves also present some 
challenges. For example, shell materials would ideally be 
stable enough that the microbubble carriers would not 
rupture or release their cargo until activated, but would 
have properties that would provide  sufficient acoustic 
response to induce changes in vessel  permeability when 
 activated. Depending on the designs used, the incorporation 
of drugs and ligands for attachment into microbubbles 
could conceivably enhance or reduce  microbubble stability. 
Recent advances in high-speed imaging and in computa-
tional resources are expected to enable the necessary 
biofluid mechanics advances, through experimental and 
 computational investigations of microbubble dynamics and 
microbubble interactions with vessels and cellular  components 
of blood. 

 Further transport of drugs once they permeate the 
endothelium is needed to treat solid tumors, and this may be 
partially addressed by microbubble-induced bioeffects and by 
further development of drug vehicles carried by the 
 microbubbles. Optimization of targeting approaches, binding 
efficiency, shell and gas components will be needed to tailor 
microbubble carriers to particular applications. Similarly, 
clearance of drug-loaded microbubble carriers and their 
effects will need to be investigated for each design. These 
microbubble drug carriers will have to be tested in large 
animal models, and advances in ultrasound technology may 
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