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GROWTH AND DISSOLUTION OF AN ENCAPSULATED CONTRAST
MICROBUBBLE: EFFECTS OF ENCAPSULATION PERMEABILITY
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Abstract—Gas diffusion from an encapsulated microbubble is modeled using an explicit linear relation for gas
permeation through the encapsulation. Both the cases of single gas (air) and multiple gases (perfluorocarbon inside
the bubble and air dissolved in surrounding liquid) are considered. An analytical expression for the dissolution
time for an encapsulated air bubble is obtained; it showed that for small permeability the dissolution time increases
linearly with decreasing permeability. A perfluorocarbon-filled contrast microbubble such as Definity� was pre-
dicted to experience a transient growth because of air infusion before it dissolves in conformity with previous
experimental findings. The growth phase occurs only for bubbles with a critical value of initial mole fraction of
perfluorocarbon relative to air. With empirically obtained property values, the dissolution time of a 2.5-micron
diameter (same as that of Definity), lipid-coated octafluoropropane bubble, with surface tension 25 mN/m, is pre-
dicted to be 42 min in an air-saturated medium. The properties such as shell permeability, surface tension and
relative mole fraction of octafluoropropane are varied to investigate their effects on the time scales of bubble
growth and dissolution, including their asymptotic scalings where appropriate. The dissolution dynamics scales
with permeability, in that when the time is nondimensioanlized with permeability, curves for different permeabil-
ities collapse on a single curve. Investigation of bubbles filled with other gases (nonoctafluoropropane perfluoro-
carbon and sulfur hexafluoride) indicates longer dissolution time because of lower solubility and lower
diffusivity for larger gas molecules. For such micron-size encapsulated bubbles, lifetime of hours is possible
only at extremely low surface tension (,1 mN/m) or at extreme oversaturation. (E-mail: sarkar@udel.edu) �
2009 World Federation for Ultrasound in Medicine & Biology.

Key Words: Microbubble, Ultrasound contrast agents, Dissolution, Permeability, Encapsulation, Epstein-Plesset,
Gas transport.

INTRODUCTION

Encapsulated microbubbles are used for improved

contrast of ultrasound images (Chang et al. 1996; Dejong

et al. 1992, 1994; Dejong and Hoff 1993; Ferrara et al.

2007; Klibanov et al. 2006; Pollard et al. 2004; Simpson

et al. 1999) and drug and gene delivery (Klibanov 2006;

Price et al. 1998; Shohet et al. 2000). The encapsulation,

typically made of proteins, lipids and other surface active

materials, stabilizes a bubble against dissolution in the

bloodstream. A stable microbubble with good scattering

characteristics is critical for achieving good image

contrast. Dissolution of free bubbles has been investigated

in detail since the pioneering study of Epstein and Plesset

(1950), where they showed that an air bubble’s growth

(dissolution) in oversaturated (undersaturated) liquid is

modified by the surface tension (see Duncan and Need-

ham (2004) for a review of the literature). Surface tension

generates a higher pressure inside the bubble, and the

equation of state for the gas predicts a higher gas concen-

tration there. Consequently, a higher gas concentration at

the bubble wall drives the outward diffusion of gas in the

liquid. In pure water, micron-size free air bubbles would

dissolve in 30 ms (see eqn (13)), whereas an encapsulated

microbubble would last much longer depending on the

surface properties. Replacing air with sparingly soluble

perfluorocarbon (PFC) gas (also called osmotic agent)

has also contributed to increased lifetime of these bubbles

(Ferrara et al. 2007).

Here we develop a mathematical model for the

effects of encapsulation, incorporate it into the boundary

value problem of gas diffusion, and investigate resulting

bubble dynamics in the presence of perfluorocarbon inside

and air dissolved in the liquid outside (air could also be
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initially present inside the microbubble). This investiga-

tion is motivated by our investigation of Definity (Bristol

Myers Squibb Medical Imaging, N. Billerica, MA, USA)

destruction process (Chatterjee et al. 2005). Under ultra-

sonic excitation, we saw an increase in total attenuation

from a Definity solution with time for relatively low levels

of excitations, the maximum being reached around

�10 min. We inferred that the encapsulation becomes

slightly permeable and leads to initially more inward diffu-

sion of air than outward diffusion of less soluble octafluor-

opropane (OFP). The increased bubble size causes the

increased attenuation. At intermediate excitation levels,

attenuation decreased with time with decrease-rate

increasing with excitation level; it indicates a far larger

permeability, where outward diffusion of OFP becomes

the limiting step leading to slow dissolution of bubbles.

At even higher levels of excitation, attenuation decreased

at a much faster rate, and the rate did not depend on exci-

tation level, indicating a total destruction of the encapsula-

tion. Both at intermediate and higher values of excitation,

the time scale for the process was �6–10 minutes. Such

transient growth (also with 5- to 10-min time scale) was in-

ferred by Shi and Forsberg (2000), when they observed

a shift in the maximum of the attenuation spectrum of ultra-

sound from Optison (GE Healthcare, Princeton, NJ, USA)

agent. Guan and Matula (2004) in their investigation of So-

nazoid (GE Healthcare, Oslo, Norway) under ultrasonic

pulse excitation and Chen et al. (2002) in their destruction

study of Optison and biSphereTM (POINT Biomedical,

San Carlos, CA, USA) observed a temporary increase in

scattered signals. They used a model developed by

Kabalnov et al. (1998b). The model is an adapted version

of the one developed by Epstein and Plesset (1950) for

presence of both air and PFC. Kabalnov et al. (1998a,

1998b) showed that diffusivity and solubility critically

affect the lifetime of contrast microbubbles. These models

of contrast microbubbles did not account for the effects of

encapsulation.

Recently, Duncan and Needham (2004) performed

a careful test of the Epstein-Plesset dissolution model

using an air bubble (of radius �15 mm) supported on

a micropipette. They concluded that the model predicts

bubble dissolution time to �10% accuracy. There has

not been any model to take into account the effect of

encapsulation for air bubble except for the one by Borden

and Longo (2002) (the same model was also discussed in

the review article by Ferrara et al. (2007)), where they

assumed an additional resistance because of a shell of lipid

Nomenclature

C Concentration of the gas (mol m23)

Cg Concentration of the gas in the bubble

(mol m23)

Cw Concentration of the gas at the inner wall of

encapsulation (mol m23)

CA Concentration of the air in the bubble

(mol m23)

CF Concentration of the OFP in the bubble

(mol m23)

f Saturation level constant

hg Permeability of gas through the membrane

(m s21)

hA Permeability of air through the membrane

(m s21)

hF Permeability of OFP through the membrane

(m s21)

kg Coefficient of gas (air/OFP) diffusivity through

the liquid (m2 s21)

ke
g Coefficient of gas (air/OFP) diffusivity through

the membrane (m2 s21)

kA Coefficient of diffusivity of the air through the

liquid (m2 s21)

kF Coefficient of diffusivity of the OFP through

the liquid (m2 s21)

Lg Ostwald coefficient

LA Ostwald coefficient of air

LF Ostwald coefficient of OFP

m Mass of the gas inside the bubble (kg)

patm Atmospheric pressure (kg m21 s22)

Pg Pressure of the gas inside the bubble

(kg m21 s22)

pA Partial pressure of air inside the bubble

(kg m21 s22)

pF Partial pressure of OFP inside the bubble

(kg m21 s22)

R Bubble radius (m)

R0 Initial bubble radius (m)

RG Universal gas constant (kg m2 s22 mol21K21)

XF mole fraction of a gas in the bubble

r Radial distance (m)

t Time (s)

T Temperature (K)

a Non-dimensional number involving diffusivity,

permeability and R0

g Surface tension (kg s22)

d Shell thickness (m)

l Ratio of the diffusivities of air and OFP

t Non-dimensional time
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monolayer for the bubble (of radius�25 mm) and incorpo-

rated it along with the resistances as a result of a polyeth-

ylene glycol (PEG) layer and the surrounding water. We

see later that our model can be used to obtain the shell

resistance parameter Rshell.

In this work we first develop a model for the effects

of an encapsulation on the gas diffusion. In the subsequent

subsections, we develop the single and multiple gas cases

in presence of encapsulation. Wherever possible, theoret-

ical results are related with those presented elsewhere. We

then concentrate on a bubble representative of Definity

contrast agent (2.5-micron diameter and containing octa-

fluoropropane). It has a lipid encapsulation; lipid coating

and gas permeation through it have been investigated

quite extensively recently, making it an excellent choice

for finding how the property values determine its lifetime

and dissolution. The material properties such as diffusiv-

ities, Ostwald coefficients of air and octafluoropropane

are determined from the literature. We investigate the

time-varying behavior and dissolution time. Later, we

present a parametric study of the effects of variation in

surface tension, permeability, radius, Ostwald coefficient

and air saturation on dissolution time. We also investigate

the effects of different gas contents—perfluorocarbons

and sulfur hexafluoride. We discuss our results and its

implications on contrast microbubbles. The final section

summarizes our findings.

MATHEMATICAL FORMULATION

Gas diffusion through permeable shell
For an encapsulated bubble, the dissolution time is

much longer than the time scale for diffusion R0=hg

through the encapsulation, where R0 is the initial bubble

radius and hg is the permeability of gas through the

membrane (see also Nomenclature for symbols). Thus,

a pseudo-steady state can be assumed. Neglecting the

fast transients and the convective transport term, the gas

concentration C in moles/volume outside the bubble of

radius R satisfies the steady-state diffusion equation,

which in spherically symmetric case is

v

vr

�
r2vC

vr

�
50; (1)

with boundary condition C/CðNÞ at r/N where

CðNÞ is the concentration of the dissolved gas in the

liquid far away from the bubble (Fig. 1). The boundary

condition at the liquid side of the bubble wall is that the

flux in the liquid side is matched by the diffusion through

the membrane. The diffusion through the membrane is

modeled as proportional to the concentration difference

across the membrane Cw2CðRÞ, where Cw is the gas

concentration at the inner wall of the membrane in contact

with the gas inside (Fig. 1) :

2kg

vC

vr

����
R
5hg½Cw2CðRÞ� (2)

Here kg is the coefficient of diffusivity of the gas through

the liquid. The mass flux through the encapsulation is

modeled by a coefficient hg which can be thought of as

hgzke
g=d, where ke

g is the diffusivity of the gas through

the encapsulation and d, the thickness of encapsulation.

However, Fickian diffusion might be inappropriate for

a monolayer encapsulation. An energy barrier model of

gas permeation through membrane would also give rise

to such a linear relation (Blank and La Mer 1962; Borden

and Longo 2002). Solving eqn (1) with boundary condi-

tion of eqn (2), we obtain

CðrÞ5R2ðCw2CðNÞÞ
r
�

kg

hg
1R
� 1CðNÞ: (3)

The bubble contains gas at a concentration Cg. Its

growth is determined by the mass flux at the bubble wall

dm

dt
5

d

dt

�
4

3
pR3Cg

�
54pR2kg

vC

vr

����
R
: (4)

We assume that the membrane is completely

hydrated. Therefore, the dissolved gas concentration Cw

at the membrane wall in contact with the inside gas is

related to the inside gas concentration by the Ostwald

coefficient Lg:

Cw5LgCg: (5)

Note that for an ideal gas, it is equivalent to Henry’s

law, Cw5H21
D pg, (HD is Henry’s constant) that relates the

wall concentration to the gas partial pressure pg. The

partial pressure in turn is proportional to the concentration

Cg by the gas law, giving rise to

Cw C(R)

R

Gas core

Lipid encapsulation

Cg
Cw C(R)

R

Gas core

Lipid encapsulation

Cg

aqueous

Fig. 1. Schematic for an encapsulated microbubble.
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Lg5H21
D RGT ; (6)

where T and RG are temperature and the universal gas

constant. Using eqn (3), we obtain for the evolution of

bubble radius:

d
�
R3Cg

�
dt

53R2kg

�
CðNÞ2LgCg

�
�

kg

hg
1R
� : (7)

Single gas
For a single gas content such as air, we investigate

the behavior of the bubble for both cases when the gas

is air (identical to the case considered by Epstein and Ples-

set (1950) except for the effect of the shell) or other low

solubility gas such as perfluorocarbons. CðNÞ is deter-

mined by the level of saturation of the liquid, with the

gas at the atmospheric pressure, i.e.,

CðNÞ5fLgpatm=RGT : (8)

The factor f describes whether the liquid is saturated

(f 51), undersaturated (f ,1) or oversaturated (f .1) with

the gas. The pressure inside the bubble is higher than the

atmospheric pressure by the Laplace pressure because of

surface tension g:

pg5CgRGT5patm1
2g

R
; Cg5

patm

RGT
1

2g

RRGT
: (9)

Replacing CðNÞ and Cg (from eqn (9)) in eqn (7) we

obtain:

dR

dt
52Lg

12f 12g=ðRpatmÞ�
11 4g

3Rpatm

��
1

hg

1
R

kg

�: (10)

This is the same equation obtained by Borden and

Longo (2002) (their eqn (13) when one identifies

Rshell51=hg); they obtained it by an entirely different

consideration of various resistances in the mass diffusion

circuit. (The review article by Ferrara et al. (2007) in their

eqn (1.2) has a minor typographical error of 3/4 instead of

4/3 in the first factor of the denominator.) In the limit of

a free bubble, hg/N, we obtain the familiar Epstein-

Plesset equation (eqn (15) in Duncan and Needham

(2004)). Note that a nonzero surface tension g, and under-

saturation (12f .0) drives dissolution. Small hg (less

permeable membrane) and small Lg(low solubility) hinder

bubble dissolution. One can integrate the equation, but the

result is algebraically complex to provide any additional

insight. However, for the saturated case (f 51), we obtain:

patm

6gkg

�
R32R3

0

�
1

�
patm

4ghg

1
1

3kg

�

3
�
R22R2

0

�
1

2

3hg

ðR2R0Þ52Lgt; (11)

and

~tdissh
tdiss

R2
0=kg

5
1

Lg

	
patmR0

g

�
1

6
1

kg

4hgR0

�
1

2kg

3hgR0

1
1

3



; (12)

where dissolution time tdiss (when bubble radius R
becomes zero) is nondimensionalized by the time scale

of diffusion ðR2=kgÞ; g=ðpatmR0) is the nondimensional

Laplace overpressure. hgR0=kg is the analogue of Sher-

wood number, which appears in convective mass transfer.

It is the ratio of the resistance caused by gas diffusivity

through the bulk liquid to that because of hindered perme-

ability of the encapsulation. The dissolution time is

inversely proportional to the Ostwald coefficient Lg.

However note that finite permeability, i.e., finite Sherwood

number, destroys the inverse proportionality with the gas

diffusivity kg. In the limit of hgR0=kg/N, we obtain

~tdissh
tdiss

R2
0=kg

5
1

Lg

	
patmR0

6g
1

1

3



; (13)

same as in Duncan and Needham (2004). In Fig. 2, we plot

the dissolution time for an encapsulated air bubble of

diameter 2.5 mm as a function of encapsulation perme-

ability. The reference permeability used is h�g52:7853

1025m=s for air through a lipid encapsulation (see

Appendix and Table 1). Other property values are given

in Table 1. It shows that for small hg , the dissolution

time decreases inversely with hg, finally reaching the

limiting case of eqn (13) for large enough hg. The limiting

value for the dissolution time for this 2.5-micron

Fig. 2. Variation of dissolution time with permeability for an encap-
sulated 2.5-micron-diameter air bubble ,h�52:78531025m=s.
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encapsulated air bubble is 53 ms. Note that using an

encapsulation with hg52:78531025m=s increases the

dissolution time to 5 s (a 100-fold increase in lifetime).

The analytical expression, eqn (12), of dissolution for

a single gas clearly shows the importance of the perme-

ability barrier of the encapsulation, in that the effects of

permeability adds two terms that are inversely propor-

tional to the Sherwood number Oðkg=hgRÞ, which is

�100 (from Table 1). The relatively moderate value of

the inverse of the Sherwood number indicates that the

resistance caused by the encapsulation dominates over

the one caused by diffusivity through bulk liquid. In

Fig. 3, we plot the dissolution time as a function of R0 ,

with property values from Table 1. The rate of increase

of dissolution time with initial radius is steeper than linear.

For example an increase from 2–20 micron in bubble

radius approximately increases the dissolution time by

100.

Multiple gas content
The previous analysis indicates that using a gas with

lower solubility and diffusivity will result in enhanced

microbubble stability, as is indeed the case with the

second-generation contrast microbubbles made with per-

fluorocarbon. The non-air filling gas is often called an

osmotic agent. However, because of the presence of air

dissolved in the liquid outside, air also plays a role in

the dynamics. We therefore consider diffusion of two

components: air A and the sparingly soluble perfluorocar-

bon F. One correspondingly gets two equations for these

two components. We assume CFðNÞ50, i.e., the gas is

only introduced into the liquid through the bubbles, but

CAðNÞ is determined by the fact that the liquid is in

contact with air at atmospheric pressure patm, i.e.,

CAðNÞ5fLApatm=RGT , as in eqn (8). The factor f as

before determines the air saturation level of the liquid.

The two equations are then

dðR3CFÞ
dt

523RkF

LFCF�
kF

hFR
11
� ; (14)

and

dðR3CAÞ
dt

53RkALA

�
f patm

RGT
2CA

�
�

kA

hAR
11
� : (15)

For a free bubble hA;F/N or, more appropriately,

the nondimensional number hA;FR=kA;F/N, we obtain

the same equations of Kabalnov et al. (1998b) in absence

of the encapsulating membrane. The pressure inside the

bubble arises from partial pressures because of the

osmotic agent and the air:

pA1pF5ðCA1CFÞRGT5patm1
2g

R
: (16)

We nondimensionalize various variables (Kabalnov

et al. 1998b):

hg5
2g

patmR0

;
h
R5

R

R0

; l5
kA

kF

;aF5
kF

hFR0

;aA5
kA

hAR0

;

A5
h
R

3CARGT

patm

; F5
h
R

3CFRGT

patm

; t5
kF

R2
0

t;

where R0 is the initial bubble radius. Eqns (14), (15) and

(16) become

Fig. 3. Variation of dissolution time with initial radius for an
encapsulated microbubble of air. Inset, a shorter range (1 to 2 m)

in radius variation.

Table 1. Physical properties of contrast microbubbles (see
Appendix for references to literature and determination

procedure)

Initial bubble radius (R0) 1.25 3 1026 m
Atmospheric pressure (patm) 101325 Pa
Coefficient of diffusivity of air in water (kA) 2.05 3 1029 m2 s21

Coefficient of diffusivity of SF6 in water 1.2 3 10–-9 m2 s21

Coefficient of diffusivity of C3F8 in water (kF) 7.45 3 10210 m2 s21

Coefficient of diffusivity of C4F10 in water 6.9 3 10210 m2 s21

Coefficient of diffusivity of C5F12 in water 6.3 3 10210 m2 s21

Coefficient of diffusivity of C6F14 in water 5.8 3 10210 m2 s21

Surface tension (g) 0.025 N/m
Ostwald coefficient of SF6 5.4 3 1023

Ostwald coefficient of C3F8 (LF) 5.2 3 1024

Ostwald coefficient of C4F10 2.02 3 1024

Ostwald coefficient of C5F12 1.17 3 1024

Ostwald coefficient of C6F14 2.3 3 1025

Ostwald coefficient of air (LA) 1.71 3 1022

Permeability of air through the encapsulation (hA) 2.857 3 1025 m s21

Permeability of SF6 through the encapsulation 8.7 3 1026 m s21

Permeability of C3F8 through the
encapsulation (hF)

1.2 3 1026 m s21

Permeability of C4F10 through the encapsulation 2.57 3 1027 m s21

Permeability of C5F12 through the encapsulation 9.04 3 1028 m s21

Permeability of C6F14 through the encapsulation 4.44 3 1028 m s21

Growth and dissolution of contrast microbubble d K. SARKAR et al. 1389
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dF

dt
5

23LFF
h
R
�

aF1
h
R
� (17)

dA

dt
5

23lLA

�
A2f

h
R

3
�

h
R
�

aA1
h
R
� ; (18)

F1A5
h
R

3
1hgh

R
2
: (19)

Using the constraint (19) we eliminate F to obtain

d
h
R

dt
5

23�
3

h
R

3
12g

h
R

2
�
�lLA

�
A2f

h
R

3
�

�
aA1

h
R
�

1
LF

�
h
R

3
1hgh

R
2
2A
�

�
aF1

h
R
�

�
: ð20Þ

Corresponding initial conditions are

h
R051; Að0Þ1Fð0Þ5h

R01
hgh

R0;

Fð0Þ
Að0Þ1Fð0Þ5XF; ð21Þ

where XF is the initial mole-fraction of the insoluble gas F.

One arrives at

Að0Þ5ð12XFÞ
�

h
R01

hgh
R0

�
;

Fð0Þ5XF

�
h
R01

hgh
R0

�
: ð22Þ

MATERIAL PROPERTIES

As a reference case, we take an Food and Drug

Administration–approved ultrasound contrast agent, Def-

inity. Definity microbubbles contain Octafluoropropane

(OFP; n-C3F8) and have a fairly narrow radius distribution,

with a mean diameter of 2.5 micron (Quaia 2005; Sboros

et al. 2001). They have a lipid (DPPA, DPPC,

MPEG5000 DPPE) encapsulation. An interfacial tension

value of 0.025 N/m reduced from its pure air-water inter-

face value of 0.072 N/m is assumed for the lipid mono-

layer (Duncan and Needham 2004). Note that for C16

lipids, the collapse phase surface tension was measured

as 0.010 N/m (Borden and Longo 2002). The exact value

of the surface tension for the encapsulation is hard to deter-

mine, especially for a micron-sized bubble. Recently, we

developed an inverse procedure to measure such interfa-

cial rheological properties (Chatterjee and Sarkar 2003;

Sarkar et al. 2005). We also note that by suitably choosing

the encapsulation, one can completely eliminate surface

tension for a waxy solidlike layer (Duncan and Needham

2004; Kim et al. 2003). Later in this paper, we investigate

the effects of surface tension variation. The values of diffu-

sivities kA;F of air and OFP are provided in Table 1. Deter-

mining the value of permeability hA;F poses difficulty.

Fickian model assumes hgzke
g=d , which requires accurate

estimation of diffusivity through the encapsulation mate-

rial and the encapsulation thickness. The thickness of the

Definity encapsulation has been reported with wide varia-

tion: 1–2 nm (Goertz et al. 2007), 4 nm (Chen et al. 2004)

and a much larger value of 15 nm (Cheung et al. 2008).

Encapsulation thickness varies between contrast micro-

bubbles, e.g., 15 nm for Optison (Christiansen et al.

1994), 200–300 nm for Quantison and 600–1000 nm for

Myomop (Quaia 2005). The air diffusivity in bulk lipid

is 10214 m2/s, giving hg�1025 m/s for d�1 nm, which

seems more appropriate for a lipid monolayer (Borden

and Longo 2002). On the other hand, for a thin monolayer,

a continuum description of diffusion through a finite layer

with bulk material properties may not be appropriate. The

monolayer acts more like a barrier, which only sufficiently

energetic gas molecules can overcome. Such an energy

barrier model for gas penetration through a thin layer has

been developed by Blank (1962, 1964), Borden and Longo

(2004) and Borden et al. (2006). The energy barrier

depends on the gas molecules’ collision diameter and

surface pressure, the latter being determined by the constit-

uent surface active molecule’s geometry and packing in

the layer. The resistance consequently becomes an expo-

nential function (through the Arrhenius factor) of the layer

thickness as opposed to a linear one characteristic of Fick-

ian diffusion. Borden and Longo (2002) investigated such

dependence by varying the chain length of encapsulation

molecules. However, the measurement failed to conclu-

sively determine in favor of either the Fickian diffusion

Time (sec)

R
/R

0

P
artial P

resure (atm
)

10-3 10-2 10-1 100 101 102 103
0

0.5

1

1.5

2

10-3

10-2

10-1

100

101

pA

pF

R/R0

Fig. 4. Dissolution of an encapsulated 2.5-micron-diameter OFP
bubble in an air-saturated medium.
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or the energy barrier model. We use the energy barrier

model for determining the values of encapsulation perme-

ability. The values are found in the Appendix to be

hA52:85731025m=s; hF51:231026m=s. The other

parameters are listed in Table 1. The procedure for deter-

mining the properties are detailed in the Appendix. These

are used except when explicitly stated otherwise. Note that

both the models of gas permeation give permeability

values of the same order of magnitude. Note that the

encapsulation is characterized mechanically only by

a surface tension—Newtonian interfacial rheology (Chat-

terjee and Sarkar 2003). A more complex interfacial

rheology will introduce other interfacial parameters

(Katiyar et al. 2009; Sarkar et al. 2005).

RESULTS AND DISCUSSION

As can be seen by the nondimensional eqns

(17)–(22), the dependent variables
h
RðtÞ;FðtÞ and

AðtÞ are functions of nondimensional variables
h
R0;

hg; LF; LA; l;aF ;aA and XF . We present our results

in terms of dimensional quantities for ease of use.

MATLAB (The MathWorks, Natick, MA, USA) was

used to solve the system of equations. Figure 4 shows

the dissolution of a Definity microbubble with properties

inferred as mentioned before (Table 1). The bubble

initially grows to a maximum and then experiences slow

dissolution. Note that the logarithmic time scale, used to

delineate the transient dynamics exaggerates the transient

time scale (see Fig. 5). The bubble reaches the maximum

around 50 s and the total dissolution time is approximately

2500 s. The initial growth of the bubble is the result of

more air diffusing into the bubble than OFP coming out,

which in turn is because of the higher diffusivity of air

than that of OFP. The temporary growth of contrast micro-

bubbles was previously inferred from acoustic experi-

ments, albeit under acoustic excitation (Chatterjee et al.

2005; Shi and Forsberg 2000). The predicted time scale

of growth �2 min is of the same order as the experimen-

tally inferred one (�10 min) at low acoustic excitation.

The total dissolution time as well is of the same order as

that observed under intermediate and higher acoustic exci-

tations. It indicates that acoustic excitation degrades the

encapsulation, making way for the increased gas transfer.

In such a process, encapsulation permeability plays a crit-

ical role in determining the bubble behavior.

Figure 4 also plots the partial pressures of air and OFP.

The partial air pressure inside the bubble increases rapidly

to the value of the atmospheric pressure outside, at which

point the right-hand side of eqn (15) becomes zero. The

partial pressure of OFP first decreases as OFP diffuses

out and air diffuses into the bubble, but then it rises explo-

sively in the final phase as the bubble radius shrinks to zero.

Kabalnov et al. (1998b) predicted a lifetime of 40 s for a per-

fluorobutane (n-C4F10) –filled unencapsulated bubble of

radius 2.5 micron (Kabalnov et al. 1998b). The OFP-filled

Definity bubble, despite having half the size and a smaller

perfluorocarbon, has an approximately 60 times longer life-

time, primarily because of the encapsulation.

Figure 5 shows the bubble evolution as a function of

initial mole fraction of OFP. The bubble’s initial growth is

controlled by the initial composition of gases in the bubble;

as the amount of initial air fraction increases, the initial

growth of the bubble reduces, being almost zero for the

Fig. 5. Variation of R/R0 with time for different OFP mole fractions. Inset, dissolution time vs. OFP mole fraction.
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mole fraction of 0.28. For lower initial OFP content, the

radius first decreases sharply for a short time interval, and

after the air partial pressure inside reaches its equilibrium

value of the atmospheric pressure, more gradually. In the

inset, the dissolution time is seen to vary significantly with

initial OFP content, especially for an air bubble (XF50)

with small addition of OFP. In the presence of sparingly

soluble OFP, diffusion of air is dominated by the slower

diffusion of OFP, and a higher dissolution time is observed.

Figure 6 shows the effects of initial radius distribution of

Definity on any particular bubble’s dissolution behavior.

The dissolution time increases sharply with bubble radius

similar to the behavior seen for the air bubble in Fig. 3.

We then consider bubbles containing nonbranched

perfluorocarbon gas other than octafluoropropane—

C4F10, C5F12 and C6F14—and sulfur hexafluoride (SF6).

SF6 has been used as an osmotic agent in experimental

contrast agents such as BR1 (Schneider et al. 1995) and

ST44 (Forsberg et al. 1999). The gas properties are listed

in Table 1; some are taken from Kabalnov et al. (1998b)

(their Table 1 had a typographical error in the diffusion

coefficient unit—D31010m2=s—revealed when values

are calculated from their Appendix). The properties for

SF6 listed in Table 1 are found from previous measure-

ments (see Appendix). SF6 is the smallest molecule,

with correspondingly largest diffusivity, permeability

and solubility. Therefore, in Fig. 7, it shows the shortest

dissolution time. For perfluorocarbons, with increasing

carbon chain length, solubility, diffusivity and perme-

ability are reduced, leading to increased dissolution

time; they show similar growth and dissolution pattern.

The dissolution times are reported in Table 2.

Next, we analyze the effects of other parameters such

as permeability and surface tension on the dissolution

behavior. We already noted the difficulties in ascertaining

their values. Furthermore, under ultrasound excitation and

in suspension over time, the encapsulation would show

structural deterioration, resulting in different property

values (Chen et al. 2002; Chomas et al. 2000; Shi and

Forsberg 2000). Therefore, knowledge of the effects of

property variation would be useful in interpreting experi-

mental results and in designing better contrast agents.

Figure 8 shows the dynamics of an OFP bubble in a satu-

rated medium for different surface tension values.

Nonzero surface tension via Laplace pressure causes the

bubble to dissolve, as the inside pressure is always higher

than the outside pressure driving the gradient. The zero

surface tension on the other hand predicts a final nonzero

radius. OFP diffuses out of the bubble, reducing its partial

pressure to zero, but air diffuses into the bubble, and the

bubble can finally reach a nonzero equilibrium radius

when inside pressure equals the outside pressure. The

inset shows the increase in dissolution time as surface

tension decreases from its pure air-water interface value

of 0.072 N/m. The increase is initially gradual, and only

below 1 mN/m it is much sharper reaching hours of life-

time.

Figure 9a shows the effects of encapsulation perme-

ability on bubble dissolution. For the parametric study, we

Fig. 6. Variation of dissolution time with initial bubble radius of
an encapsulated OFP microbubble.

Fig. 7. Variation of R/R0 with time for an encapsulated
2.5-micron-diameter bubble with different gas content in an

air-saturated medium.

Table 2. Dissolution time for a 2.5-micron encapsulated
microbubble with different gases in an air-saturated

medium

Osmotic agent Dissolution time, tdiss

SF6 35 s
C3F8 42 min
n-C4F10 83 h
n-C5F12 17 d
n-C6F14 17 d 14 h
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vary both air and OFP permeability by the same multipli-

cative factor assuming that air and OFP interact similarly

with the encapsulation constituents. This assumption can

easily be relaxed. As expected, increasing the perme-

ability delays the growth and the dissolution process. As

with the case of an air bubble in Fig. 2, the OFP bubble

with very high permeability reaches the limiting value

of dissolution time of about 4.75 seconds (Fig. 9b), in

contrast to 53 milliseconds for an air bubble. For low

permeability, the dissolution time seems to scale with

permeability. Indeed when the time is scaled with perme-

ability in the inset of Fig. 9b, all curves for different

permeability (from Figure 9a) collapse on to a single

curve. Figure 10 shows that there is an inverse relation

between dissolution time and Ostwald coefficient as also

shown by eqn (12) for single-gas bubbles, the minimum

value of the coefficient in the figure being close to that

of air.

We note here that only extremely low values of

surface tension or unusually low encapsulation perme-

ability would lead to a relatively stable (hours of lifetime)

bubble. Typically, for the second-generation microbub-

bles, several hours of lifetime have been suggested. In

the model presented, a nonzero surface tension and under-

saturation (12f .0) drive the dissolution. Undersaturation

plays a role in physiological situations. We therefore study

the effects of undersaturation in Fig. 11, with a surface

tension value of zero. We observe that even for zero

surface tension, the undersaturation is an extremely effi-

cient mechanism for driving towards dissolution. Only

for extremely low values (�1023) of (12f ), we obtain mi-

crobubble lifetime greater than a day.

Fig. 8. Variation of R/R0 of an encapsulated OFP microbubble with time for different surface tension values; inset, disso-
lution time variation with surface tension.

Fig. 9. (a) Variation of R/R0 of an encapsulated OFP microbub-
ble with time for different permeability values, h�A52:8573
1025m=s; h�F51:631026m=s. (b) Dissolution time variation of
an encapsulated OFP microbubble with permeability; inset, vari-

ation of R/R0 with nondimensional time.
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SUMMARY

We have developed and investigated a new model for

gas diffusion from encapsulated contrast microbubbles.

A new linear permeability model is assumed for the gas

diffusion through the encapsulating shell, which is appro-

priate for both Fickian diffusion and energy barrier

models. With typical values for material constants, layer

thickness and molecular parameters, both theories give

rise to permeability values of the same order of magnitude.

Both air and perfluorocarbon bubbles are modeled.

In the latter case, diffusion of perfluorocarbon, as well

as air dissolved in the liquid, is accounted for. We have

developed an analytical relation for the dissolution time

of an air bubble, which shows an inverse relation with

encapsulation permeability. For an air bubble, a 100-

fold increase and for an OFP bubble, a 500-fold increase

in dissolution time compared with free bubbles is pre-

dicted with a Definity-like encapsulation. The relative

importance of the encapsulation permeability compared

with bulk diffusion in determining the lifetime of an

encapsulated bubble, as exemplified by the low value of

Sherwood number, underscores the choice of appropriate

encapsulating material for optimal design of contrast

agents. The dissolution time also rises sharply with initial

radius.

We investigate an encapsulated octafluoropropane-

filled microbubble with the physical properties representa-

tive of the Definity contrast agent. We find that such

a bubble dissolves in 2500 s. But before dissolution, the

bubble experiences a transient growth caused by more

air going into the bubble from surrounding liquid than

OFP going out. Increasing initial air content of the bubble

reduces the growth part, making it negligible for OFP

mole fraction of 0.28. The simulated time scales of growth

and complete dissolution match in order of magnitude

with what can be inferred from experiments under

acoustic excitation.

The dissolution curves for different permeabilities

collapse onto a single curve when the time is appropriately

scaled with permeability. We also investigate the effects

of the filling gas—perfluorocarbons of increasing chain

length and sulfur hexafluoride. Increased size of gas mole-

cule results in lower water solubility and lower diffusivity,

both through encapsulation and water, leading to longer

lifetimes. Decreasing surface tension also lengthens the

lifetime, giving a stable bubble at zero surface tension.

However, we note that one has to really reach extremely

low surface tension before one reaches more than a few

hours of lifetime. Duncan and Needham (2004) showed

that solid waxy encapsulation is possible under careful

preparation that has effectively a zero surface tension. It

remains to be determined if the commercially available

contrast agents have such an encapsulation. For a zero

surface tension case, we further find that slight undersatu-

ration is sufficient to result in reduced bubble life. Noting

the difficulty in determining the material properties of the

encapsulation, the parametric study presented here can be

an effective tool in designing better contrast agents.

Different constitutive properties of the encapsulation,

with added explicit interfacial elasticity, results in

different dissolution dynamics (Katiyar et al. 2009).
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APPENDIX

The oxygen permeability of phospholipid monolayer as a function
of domain boundary density has been determined (Pu et al. 2005). The
mean value of shell resistance for oxygen through a C16 lipid monolayer
is 350 s/cm. We use shell resistance of air to be the same as that of oxygen
and therefore its inverse hA52:85731025m/s. Using the energy barrier
model for diffusion, the shell resistance of two gases are related to their
collision diameters and the surface pressure (Blank and La Mer 1962;
Ciani et al. 2004, Ferrara et al 2007):

Rshell
OFP

Rshell
Oxygen

5exp

�
p P

4 k T

�
a2

OFP2a2
Oxygen

��

The collision diameters for OFP and oxygen are
aOFP56:95A+; aOxygen53:6A+ (Siebert and Knobler 1971). P is the
surface pressure (47 mN/m; the difference in air-water interfacial
tensions for the free interface, 72 mN/m, and the adsorbed interface,
25 mN/m). We get hF51:231026 m/s. Similarly, we obtain permeability
for nonoctafluoropropane perfluorocarbons and sulfur hexafluoride using
their collision diameters from Siebert and Knobler (1971). The diffusion
coefficient of air in water has been calculated to be
kA 5 2.05 3 1029 m2s21 by the molar average of the diffusivities of
oxygen (2.20 3 1029 m2s21) and nitrogen (2:0131029m2s21) at 25 �C

(Ferrell and Himmelblau 1967). The diffusion coefficient of OFP in
water is calculated using an empirical correlation (Hayduk and Laudie
1974; Kabalnov et al. 1998b)

kF513:2631029,Vmm2=s:;

where Vm is the molar volume in cm3/mol. The molar volume of OFP is
calculated using the group additive method and the molar volumes of CF3

and CF2 groups (Lawson et al. 1978). We find kF57:45310210m2=s.
The Ostwald coefficient of air is also calculated as LA51:7131022by
the molar average of the Ostwald coefficients of nitrogen
(1:44831022) and oxygen (2:77331022) following Lide (1998). The
solubility of nonbranched fluorocarbons in the homologous series
decrease by a factor of �8 (Kabalnov et al. 1990). The solubility of
OFP is then obtained by those of C2F6 (1:27231023) and C4F10

(2:0231024) to be LF55:231024. The diffusivity of SF6

(1.2 3 1029 m2 s21) listed in Table 1 was obtained using a correlation
provided by King and Saltzman (1995), based on their measurement,
the value being very similar to the one predicted by the above correlation
of Hayduk and Laudie, with Vm 5 77.69 cm3/mol. The Ostwald coeffi-
cient of SF6 (5.4 3 1023) is measured by Morrison and Johnstone
(1955).
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