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The gas from a free air bubble will readily dissolve in water, driven by two main factors: the concentration
(undersaturation) of dissolved gas in the aqueous solution and the surface tension of the gas bubble—water
interface via a Laplace overpressure in the bubble that this creates. This paper experimentally and
theoretically investigates each of these effects individually. To study the effects of surface tension, single-
and double-chain surfactants were utilized to control and define interfacial conditions of the microbubble
in saturated solution. To study the effect of undersaturation, solid distearoylphosphocholine lipid was
utilized to coat the gas microparticle with, essentially, a wax monolayer and to achieve zero tension in
the surface. The experimental work was performed using a micromanipulation technique that allows one
to create and micromanipulate single air microparticles (5—50 um radius range) in infinite dilution and
to accurately record the size of the particle as it loses volume due to the dissolution process. The micropipet
technique has shown to be an improvement over other previous attempts to measure dissolution time with
a3.2% average experimental error in gas microparticle dissolution time. An ability to study a gas microparticle
in infinite dilution in an isotropic diffusion field is in line with the theoretical assumptions and conditions
of the Epstein—Plesset model. The Epstein—Plesset model on average underpredicted the experimentally
determined dissolution time by 8.6%, where the effect of surface tension was considered with a range of
surface tensions from 72 down to 25 mN/m. The Epstein—Plesset model on average overpredicted the
dissolution time by 8.2%, where the effect of undersaturation was considered for a microparticle with zero
tension in the surface (zero Laplace pressure) and a range of gas saturations from 70% to 100%. Compared
to previous attempts in the literature, this paper more appropriately and accurately tests the Epstein—
Plesset model for the dissolution of a single microbubble and an air-filled microparticle in aqueous solution.

2567

Introduction

The study of how an air-filled microparticle behaves in
agueous suspension is important in many areas of current
research and applications including the following: (1)
ultrasound image contrast agents, where gas microbubbles
and microparticles are strong scatterers of ultrasound
waves used in diagnostic imaging of tissues and organs,*°
(2) decompression sickness, where gas nuclei and gas
microbubbles may be the precursor to fully formed bubbles
in the bloodstream,®° (3) artificial oxygen carriers from
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lungs to tissue,®*? (4) drug/gene delivery vehicles,318
and (5) chemical engineering and biotechnology mass
transfer processes.’®=22 Underlying many of these phe-
nomena is the dissolution of microbubbles in aqueous
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media. A theory describing this gas bubble dissolution
process was proposed by Epstein and Plesset in 1950.%3
While gas bubbles have been studied for many years, there
isstill aneed to more accurately test Epstein and Plesset’s
(EP) original theory especially for gas microbubbles and
gas microparticles. Thus, the experimental work reported
here is motivated by this need to evaluate this theory and
an opportunity to do so using a unique experimental
micromanipulation technique. With this technique, we
can study single microbubbles and gas microparticles of
well-defined composition and in well-defined solution
environments, conditions that match the EP-derived
analytical solution for a single stationary free gas bubble
dissolving (or growing) in a liquid—gas solution with and
without surface tension.

The quasi-stationary model of Epstein and Plesset
assumes that the velocity of the bubble interface (as it
shrinks, for example, due to dissolution) can be neglected
compared to the buildup of the boundary gas concentration
layer, so that the convection term in the diffusion equation
can be omitted. It will be shown for a gas microparticle
that the steady-state assumption is valid given sufficient
time for the gas concentration profile to become fully
developed in the agueous medium surrounding the mi-
croparticle (less than /3, of a second). This derivation is
presented next in the theory section. The change in size
of the bubble is determined by the mass transfer and not
governed by viscous or inertial forces.>* Large bubbles
(hundreds of micrometers range) change size relatively
slowly in time due to gas saturation conditions or the
Laplace pressure (in the kdyn/cm?, milliatmosphere) range
at these sizes. However, for gas microparticles in the tens
of micrometers range, where the Laplace pressure is on
the order of hundreds of kdyn/cm?, the rate of volume
change is easily measurable and recordable on a video
microscope on laboratory time scales of tens of seconds.
Producing and manipulating these gas microparticles
using micropipet manipulation techniques is a main
feature of the work we report in this paper.

We make the physical distinction between the two
fundamentally different objects, a free gas microbubble
and gas enclosed by a solid monomolecular shell, for
experimentation and discussion. We therefore use “gas
microparticle” as a general descriptor for free gas bubbles
and gas encased in a shell (in this case made of solid-
phase phospholipid, essentially a wax monolayer). Physi-
cally, the difference is that the free gas microbubble has
afinite surface tension even when soluble surfactants are
adsorbed at its surface, thereby lowering the surface
tension. Therefore, a Laplace overpressure exists that
drives gas out even when the surrounding aqueous gas
concentration is saturated, while gas encased in a solid
lipid shell has essentially zero tension in the surface, can
persistin thisequilibrium state, and so is only constrained
by the gas concentration in solution. By creating gas
microparticles where each of these two physical conditions
of (1) a microbubble with defined surface tension in gas-
saturated solution and (2) a shelled gas microparticle with
zero tension in the surface in gas-undersaturated solution

(21) Kaster, J. A;; Michelsen, D. L.; Velander, W. H. Increased Oxygen-
Transfer in a Yeast Fermentation Using a Microbubble Dispersion.
Appl. Biochem. Biotechnol. 1990, 245, 469—484.

(22) Worden, R. M.; Bredwell, M. D. Mass-transfer properties of
microbubbles. 2. Analysis using a dynamic model. Biotechnol. Prog.
1998, 14 (1), 39—46.

(23) Epstein, P. S.; Plesset, M. S. On the stability of gas bubbles in
liquid—gas solutions. J. Chem. Phys. 1950, 18 (11), 1505—1509.

(24) Cable, M.; Frade, J. R. The influence of surface tension on the
diffusion-controlled growth or dissolution of spherical gas bubbles. Proc.
R. Soc. London, Ser. A 1988, 420, 247—265.

Duncan and Needham

is met, we can experimentally test the variables of surface
tension and gas concentration in solution, independently.
Consequently, we are able to compare and contrast the
predictions of the EP theory to well controlled and defined
experimental conditions and measurable outcomes.
Since the theory appeared in 1950, there have been
only a few attempts to measure the size of a single dis-
solving air bubble with time.?5~32 Basically, three methods
have been used to observe the rate of dissolution of a
stationary air bubble in water: the air bubble has been
held in the medium under a horizontal glass plate, held
by surface tension forces on a vertical plate, and held on
a horizontal fiber. All these methods involve the influence
of an impermeable boundary and therefore a nonisotropic
diffusion and concentration field. Liebermann suspended
adroplet of degassed water on the underside of a horizontal
microscope slide, introduced a relatively large (initial
radius, Rp = 400—700 um) air bubble by a pipet, and
measured the diameter of the bubble at regular time
intervals with a light microscope.?® Similarly, Manley
studied the dissolution of an air bubble (R, = 100—400
um) in degassed water resting under the top plate of a
pressure-controlled Perspex apparatus.?® Houghton et al.
viewed a pure gas bubble (R, = 100—250 um) adhered (by
surface tension) to the vertical side of a Perspex cell.?”
Wise and Houghton improved this latter method to
facilitate bubble formation and allow the liquid temper-
ature to range from 10 to 60 °C and viewed the bubble (R,
= 100—200 um) under a horizontal plate.?® In another
paper, Wise and Houghton again improved the precision
of the last technique 5-fold by introducing only a single
bubble (Ro, = 150—250 um) in the cell.?® Krieger et al.'s
experimental method was to catch a bubble (Rp = 100—
300 um) on a fine horizontal fiber and to photograph its
projected image at given time intervals.?° Ward et al.3%%2
have used a pressurizable apparatus to control the bubble
size in order to define the initial state of the bubble and
medium. While this experiment did improve upon past
attempts, a quartz wire was still used to hold the position
of the bubble and only data from an initial radius of 150
down to 60 um were considered. Of all these experimental
methods, none have taken surface tension into consid-
eration (only dissolution via undersaturation), none of
them have observed bubbles smaller than 100 um initial
radius, none of them controlled the surface composition
and so had problems with contamination (often called an
“organic skin”), and all of them had large error from the
measurement and analysis method (+10% and higher).
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Recently, Borden and Longo,3 following the work of
Kim,34~36 attempted to evaluate the role of a lipid shell in
the dissolution process and modeled a phosphatidylcholine
(PC) lipid coated gas microparticle (Ro = 15—50 um) in
aqueous solution with the EP theory. They varied the
saturated hydrophobic chain length (Dil2PC—Di24PC)
and found a constant resistance below Di18PC and then
a monotonic increase in monolayer resistance to gas
dissolution with increasing chain length after Di18PC.
They attributed an observed relative reduction in the gas
transportof their experiment, compared to the EP theory,
to the monolayer resistance. However, their data do not
account for the diffusion hindrance due to the microparticle
dissolving against the solid boundary (glass microscope
slide) at which the bubbles were observed. Such aboundary
necessarily influences the gas concentration around the
particle with a nonisotropic buildup of gas in solution on
the side facing the boundary. Thus, as discussed by Borden
and Longo, these data are not an absolute test but do
reflect a relative trend in monolayer resistance due to
solid-state lipid shells. Absolute data can only be measured
and calculated by using a technique which does not involve
asolid boundary or by using a model that accounts for the
boundary.?” To date, all techniques found in the literature
involve a solid boundary to maintain the gas particle
stationary and in view, and a few have tried to correct the
theoretical model for the solid impermeable boundary. In
1957, Liebermann?® approximated a correction to the
theory using an analogy with the electrostatic theory of
charged spheres to show the effect of the point contact
(assuming a very small contact) of a bubble with an
impermeable wall by introducing a geometry factor
deduced from potential theory that reduced the diffusion
coefficient by an empirical In 2 = 0.693. Practically, the
contact of the bubble with the wall would be a finite area
based on the buoyancy of the gas microparticle and
adhesion and spreading due to surface tension of the
bubble. Manley?® observed this area and calculated an
angle of contact to give a depressed volume factor. The
total correction is the ratio of the mass transfer geometry
factor to the volume factor. Wise and Houghton found the
ratio for a water—Plexiglas system to be 0.686 theoreti-
cally®® and 0.695 experimentally,?® which are very close
to the point contact approximation of 0.693. This equates
toa 1/In 2 = 1.44 increase in dissolution time and cannot
be due to any other possible stabilization mechanisms
including a monolayer resistance to gas transport. The
impermeable boundary also impinges on the isotropic
diffusion and concentration field. We have found similar
results by observing a gas microparticle held stationary
against a glass coverslip at the top of an aqueous solution.
Our micropipet-based experimental design, presented
here, has improved the precision and ability to establish
and test gas microparticles under conditions specified in
the EP model. An air microbubble can be created and held
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stationary in the center of the aqueous liquid microscope
chamber via a micropipet, which more closely complies
with the theoretical assumption that the bubble is in a
symmetric diffusion field in an essentially, with respect
to microparticle size, infinite medium, and moreover, its
size can be created in the tens of micrometers range and
itswhole dissolution history can be followed down to almost
complete disappearance.

In addition to the effects of air undersaturation, the
effects of surface tension will also be investigated. By
forming a monolayer of waxy lipids at the gas microparticle
interface, we can reduce the tension in the surface to
zero®>%° and study the gas undersaturation effect in the
absence of such tension. No data have been found in the
literature for the complete dissolution time of a gas
microparticle that has had its surface tension systemati-
cally changed by use of known concentrations of surfac-
tants. Previous dissolution experiments have been limited
by the fact that only very large bubbles have been observed
(millimeter size scale) where surface tension has an
insignificant effect due to the relatively small Laplace
pressure of the large bubbles.?>?” The controlled use of
surfactants in our study also helped to control the surface
contamination problem of earlier studies. Surface tension
has been shown to be most important when the medium
is near (or at) saturation and can be neglected at low air
concentrations where driving forces for dissolution are
large and dissolution times short.?44%41 However, it is
obvious from a simple calculation of the Laplace over-
pressure that the surface tension becomes a significant
factor when the bubble size is small (beyond the range of
previous measurements). For a 15 um radius bubble, the
overpressure reaches almost 100 kdyn/cm? (Y1, of an
atmosphere) and rapidly increases to almost 300 kdyn/
cm? (Y3 of an atmosphere) when the radius is 5 um.
Therefore, this research investigates the dissolution of
gas microparticles starting at an initial radius of 15 um
in order for the Epstein and Plesset approximation to more
accurately apply.

While the Epstein—Plesset model essentially captures
the gas dissolution process, others have since developed
more detailed models that take into account the vapor
pressure of the surrounding medium in the bubble, gas
expansion, air as a multicomponent mixture, convection,
and bulk and interfacial rheological properties.**~4?> How-
ever, these models all involve only numerical solution
techniques and the additional complication may not be
necessary or add much to the original theory in the case
of a single gas microparticle. It will be shown that for our
system and conditions, the Epstein and Plesset ap-
proximation fits well the experimentally determined
dissolution times within the now reduced error of the
experiment and known diffusion coefficient and solubility
data from the literature.

Theory

Epstein and Plesset’'s model describes the dissolution
behavior of a single spherical gas bubble in an infinite
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medium. Here, the equations are rederived, so they can
be expressed in the dimensional forms of the laboratory
frame (compared to the nondimensional forms of the
original paper) for direct comparison with experiment.
The gas concentration depends on both time and position
in the surrounding liquid ¢ = c(r, t) and is described by
Fick's second law of diffusion in spherical coordinates,

= DV = D(3@ + —) 1)

ror ar

ac
at

where D is the diffusion coefficient of the gas in the
medium. Assuming a large volume of surrounding solution
relative to the volume of the bubble, the gas concentration
at the bubble’s surface (r = R) is in equilibrium with the
gas in the bubble and is considered saturated, Cs, and the
concentration at r = o is the initial gas concentration in
solution Cy. Solving eq 1 with these initial and boundary
conditions yields the concentration gradient at the bubble

boundary:
ac _ 1
R

The bubble mass rate decreases with the gas flux J out
through the bubble’s surface:

dm _ 2 2 dR
G = 4RCY = 4aRip ©)

where p is the density of the gas. The dissolution rate of
the bubble, as measured by the experimental quantity of
bubble radius, is then

dR__J
at (4)

The flux is obtained from Fick’s first law of diffusion:

J=- D§ 5)

Combining egs 2, 4, and 5 yields the dissolution rate of
a free gas microparticle in an unsaturated solution:

dR_ DG ~Cor1 1
dt p|R VaDt

For convenience, this equation can be further modified.
The ratio f is defined as the initial dissolved gas concen-
tration to the concentration at saturation, f = Cy/C,.
According to Henry’s law, the saturation concentration is
proportional to pressure (ky = Cs/P..M,,) and therefore, by
assuming ideal gas law (p = M,,P./BT), proportional to
the density of the gas in the bubble (Cs/p = kyBT), where
P. is the external pressure, M,, is the gas molecular weight,
T is temperature, and B is the gas constant. Therefore,
eq 6 becomes

drR
dt

(6)

— DKk, BT(L - f)[% + )

1
v aDt
This equation consists of two parts as shown by the two
terms in the brackets. The first term (1/R) is the steady-
state part of the solution, and the second term is the
transient part of the solution. The transient partis related
to the time for the gas concentration profile in the aqueous
medium surrounding the bubble to develop. According to
random walk theory and Fick’s first law of diffusion, the
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distance a particle travels is equal to the square root of
2Dt. The time to reach a fully developed profile is about
0.06 s, assuming the concentration profile is fully devel-
oped when it reaches the initial radius of the bubble (15

m). Since this time to develop is at least 2 orders of
magnitude less than the total dissolution time, it is
considered insignificantand is neglected in order to obtain
the approximate rate of dissolution equation:

dR _ _pk,BT( - f)[ ] ®)
dt

The radius of the steady-state equation for a small gas
microparticle in gas-undersaturated solution with zero
surface tension is then

R = /R,2 — 2Dk, BT(L — fit 9)

Rearranging eq 9 for the total time of dissolution ty (the
time it takes for the bubble to completely dissolve in
solution) gives

R,

=
4" 2Dk,BT(1-f)

(10)

Gasconcentration is not the only driving force for bubble
dissolution. The curvature of the bubble’s surface and the
fact that a surface tension ¢ can exist at the interface
create a pressure inside the bubble according to the
Laplace equation:

_20
AP =% (11)

The total pressure in the bubble therefore increases as R
decreases. Assuming an ideal gas and including this
Laplace overpressure due to surface tension yields

20 _ nBT
P+ =" (12)

where n/V is the molar concentration. The gas density in
the bubble can now be expressed as
M,, 2M,0 1 B 2M,0 1

=BT =T BT R BT R

(13)

The dissolution rate of the bubble with surface tension is
found by combining eqs 7 and 13 and including the
constants f and ky:

2M,,0
dR _ 1=t pBTR[1 1
St = ~DkuBT e lR+ o (14)
30BTR

Equation 14 is equivalent to eq 7 when surface tension
equals zero. This equation can also be simplified by
assuming steady state as shown before by neglecting the
second term in brackets and constant finite surface tension
(not a function of radius).

2M,, 0
drR _ LT pBTR[1
& = ~DkiBT Mo R (15)

3pBTR
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Integration of this equation for an air-saturated solution
(f = 1) yields

6Dk, M, 0

w

(R* — R = Tt (16)

2M, 0
3_p3 w
R R, +—pBT

Rearranging eq 16 for the time of dissolution tyat R = 0,

Ry’ ( Rop 1)

4= 3pk \2M 0 T BT

(17)

The equations are retained in dimensional form to
facilitate comparison with experimental data. For theo-
retical prediction, values for the diffusion constant of air
in water and the Henry’'s law constant (saturation
concentration limit) of air in water were found in the
literature to be in the range of 1.75—2.00 x 1075 cm?/s*3
and 0.744—0.826 mM/atm (2.16—2.40 x 107° g/lcm3),*
respectively. The density of air is 0.0012 g/cm?, and the
molecular weight of air is 29 g/mol, with all values at the
temperature of the experiment, 22 °C. The diffusion
constant and solubility then have ranges of values that
will be presented on the data plots and represent upper
and lower bounds for these parameters.

Experimental Materials and Methods

Experimental Setup. The gas microparticles were manipu-
lated and observed using a micropipet manipulation system. This
system has been developed and used by us and others to measure
the mechanical properties of cells and lipid bilayer vesicles,*5-52
equilibrium and dynamic surface and interfacial tension,53:54
permeability of lipid membranes,5~57 receptor—ligand-mediated
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adhesion, 3458760 and other mechanical and thermomechanical
properties to characterize a bimolecular membrane*”61-64 and
other particles such as microhydrogels and gas micropar-
ticles®>36:39.47 (see ref 65 for the most recent review). The
micropipet station consists of an inverted optical microscope
(Nikon Diaphot 200) outfitted with a microscope stage that
accommodates two opposing pipet micromanipulators. A 40x
objective (Nikon) was used along with a 15x eyepiece to further
magnify the microscopic image on a video monitor (Sony). The
micropipet pressure is controlled by a simple Becton Dickinson
5mL syringe and is monitored by an in-line pressure transducer
(Validyne, Northridge, CA). The microscope has been interfaced
with a CCD camera (Optronics Engineering), a video cassette
recorder (Panasonic SVHS), and a multiplexer (Vista Electronics,
La Mesa, CA) to allow recording of pressure and temperature on
a videotape and analyzing for data acquisition post experimen-
tation using a video caliper system (Vista Electronics). Glass
micropipets (0.75 mm x 0.4 mm x 6 in., A-M Systems, Inc.,
Everett, WA) were modified using a pipet puller (David Kopf
Instruments, Tujunga, CA) and then cut on a microforge to an
inner diameter of about 8 um for the holding pipet and about 50
um for the transfer pipet. Manipulation chambers were con-
structed from standard glass microscope slides (25 x 75 mm)
and glass coverslips (no. 1, 22 x 30 mm) cut and joined together
using optical cement and minimal silicone grease (vacuum grade)
in the configurations shown in Figures 1—3. The temperature
was controlled by the ambient air temperature and was nearly
constant at 22 °C + 1 °C in all experiments.

To evaluate the effectiveness of the Epstein—Plesset model
for gas dissolution, taking into account, independently, both
surface tension and undersaturation of gas in the aqueous phase,
two types of experiments were performed. Experiment | was to
test the effect of surface tension on the dissolution of a free gas
microbubble in air-saturated solution. Experiment Il was to test
the effects of an air-undersaturated solution on dissolution of a
lipid-coated gas microparticle with zero tension in the surface.
Each experiment required a slightly different micropipet setup
and monolayer composition at the gas microparticle interface.

Experiment I. For the air-saturated case, we used free gas
microbubbles where their interfacial tension was controlled by
the concentration and type of a particular surfactant in solution.
Gas bubbles were formed and held by the same micropipet directly
in the gas-saturated solution. A schematic (not to scale) of the
chamber setup for air-saturated experiments is shown in Figure
1. The fluid dimension is 22 x 12 x 2 mm, the overall micro-
chamber dimension is 22 x 75 mm, the pipet tip radius is about
4 ym, and the initial bubble radius is 15 um.

Experiment I1. For the air-undersaturated case where the gas
microparticle was such that it had zero tension in the surface by
virtue of a solid lipid monolayer, a double microchamber was
constructed to hold two adjacent liquids to allow transfer of the
microparticle from the gas-saturated solution to the gas-
undersaturated solution (Figures 2 and 3). Each fluid dimension
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Figure 1. Side view (not to scale) of the microchamber setup
for the air-saturated solution experiments (experiment ). The
microbubble is formed and held with the pipet in the air-
saturated solution. The initial bubble radius is 15 um, the fluid
dimension is 22 x 12 x 2 mm, and the pipet radius is about
4 um.

Condenser
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Figure 2. Side view (not to scale) of the microchamber setup
for air-undersaturated solution experiments (experiment I1).
The gas microparticles were preformed in the air-saturated
solution and then transferred to the unsaturated solution for
dissolution measurement. Dashed arrows represent the lateral
motion of the microscope stage, keeping the pipets and
microparticle in constant focus. The initial bubble radius is 15
um, the fluid dimensions are 7 x 12 x 2 mm, the transfer pipet
radius is about 25 um, and the holding pipet radius is about
4 um.

is 12 x 7 x 2 mm, the overall chamber dimension is 22 x 75 mm,
and the initial bubble radius is 15 um. The phosphate-buffered
saline (PBS) solution was initially degassed to about 0.7
saturation by placing 10 mL of PBS in a glass vial and placing
it under a vacuum for 1 h in a glass desiccator. As soon as the
vacuum was released, air necessarily began to diffuse back into
the solution. To measure this rate of resaturation, the O,
concentration was recorded in the microchamber as a function
of time with a dissolved-oxygen meter (World Precision Instru-
ments, Sarasota, FL) (Figure 4). The air concentration is 3 times
the O, concentration. This is based on the assumption that O,
and N3 are the two main components and the knowledge that the
partial pressure of N is 4 times that of O, and the water solubility
of O, is 2 times that of N». This setup allows for a known initial
radius for the gas microparticle and initial conditions for the
solution. For this experiment, gas microparticles had to be created
with zero tension in their surface in order to eliminate the Laplace
overpressure. No simple surfactant can achieve this state since
exchangeable surfactants intrinsically produce lowered but
nevertheless finite surface tensions (the lowest we attained was
30 mN/m with single-chain surfactants, and 25 mN/m was
attained with liquid-phase phospholipids, see the next section).
In previous experiments,3>36.:3% we have determined that a lipid
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Figure 3. Transfer pipet experiment setup used for the
undersaturated experiments (experiment Il). Panel A shows
the overall view of the setup, and panel B shows the top view
of the chamber setup before and after moving the microscope
stage (image from Dennis Kim, ref 35). Reprinted with
permission from ref 35; copyright 2000 Duke University.
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Figure 4. Gas resaturation concentration in the microchamber
measured with a dissolved oxygen meter in the same position
as the pipet after release of the vacuum at time 0.

shell formed at an otherwise free gas microbubble surface can,
when converted into a waxy state by cooling the monolayer
through its main acyl chain liquid—solid transition, essentially
eliminate the tension in the surface and encapsulate the gas in
a solid monomolecular thick wax shell. As described below, such
wax (lipid) coated microparticles were preformed and added to
the gas-saturated microchamber. To transfer the gas micropar-
ticle from its suspending gas-saturated solution into a solution
of known gas undersaturation, two pipets are required, one for
holding the air microparticle and one to act as a transfer pipet
to transfer the microparticle across the air—water interface
between the two microchambers without being exposed to
ambientair,5” asis explained in the experimentation setup section
below.
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Figure 5. Surface tension of the air/water interface versus
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Materials. Experiment I. Common surfactants and lipids
including sodium dodecyl sulfate (SDS), dodecyl benzene sulfonic
acid (DDBSA), and the phospholipid stearoyloleoyl-phospho-
choline (SOPC) were used to lower the surface tension of the gas
bubble/aqueous solution interface. The surfactant samples were
prepared by hydrating and dissolving a known dry surfactant
mass with 10 mL of pure deionized water and diluting as
necessary to produce the desired concentration. By controlling
the concentration of the surfactant, the gas/water surface tension
is set at prescribed values covering the range from pure water/
air interface of 72 mN/m to that of the liquid-phase lipid
monolayer at the air microbubble surface of 25 mN/m. The surface
tensions of SDS and SOPC were found previously by using the
micropipet manipulation technique.5354 The surface tension of
DDBSA was used because of its ability to lower the surface tension
to 30 mN/m, 10 mN/m lower than that of SDS, which allows for
a wider range of experimentation. The surface tensions of SDS
and DDBSA, measured using a micropipet technique, are shown
in Figure 5 as a function of their concentrations in water.

Experiment 1l. A stable air microparticle was formed by
creating a solid monolayer coating of a phospholipid that un-
dergoes a phase transition from liquid to solid above the
working temperature of room temperature. Distearoyl-phos-
phocholine (DSPC) was chosen because its transition temperature
(55.1 °C*®%) allowed experimentation at room temperature while
still possessing solid shell properties. The tension in the surface
of the gas microparticle is zero, so the microparticle persists
essentially indefinitely in gas-saturated solution, confirming the
zero Laplace pressure. The DSPC monolayer, lipid-coated, air
microparticles have been extensively studied and were produced
as described previously.352° Briefly, the main component of the
shell was DSPC lipid (Avanti Polar Lipids, Alabaster, AL) along
with a minor component for steric stabilization, poly(ethylene
glycol)-40 stearate (PEG, Sigma, St. Louis, MO). The lipid/
surfactant molar ratiowas 10:1 (5 mM DSPC/0.5 mM PEG). The
sample was probe sonicated (Mixonix model XL2020, Farm-
ingdale, NY) to produce microparticles from entrained air. The
sample was cooled from the elevated temperature caused by the
sonication (70—80 °C) to room temperature (22 °C) at a rate of
about 40 °C/min.

Experimentation Method. The free gas microbubbles and
lipid-coated gas microparticles were held with a micropipet in
the center of the aqueous solution as shown in Figures 1 and 2,
respectively. This justified the assumption of asingle, stationary
gas microparticle in an infinite isotropic medium. The four
videomicrographs in Figure 6 show the progression of the dis-
solution process.

Experiment I. For the gas-saturated solution case, the free gas
microbubble was created with the holding pipet in water or
surfactant solution by carefully blowing air from the pipet. The
bubble was initially made to be slightly larger than the desired
initial starting radius of 15 um, usually about 17—20 um. Once
formed, the microbubble rapidly rose to the top of the chamber
but was then easily captured by the micropipet at the top of the
chamber and lowered to the center. The bubble was moved to a
new position in the chamber to find fresh solution at gas-

(66) Marsh, D. CRC Handbook of Lipid Bilayers; CRC Press: Boca
Raton, FL, 1990.
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Figure 6. Videomicrographs of the dissolution of an air
microbubble in 10 mM SDS solution held in the center of the
chamber by a pipet with a suction pressure of 5 kdyn/cm? and
solution temperature of 21.5 °C. The air bubble is shown at
15.0, 13.5, 11.0, and 3.5 um in radius after O s (top left), 10 s
(top right), 20 s (bottom left), and 36 s (bottom right),
respectively.

saturation concentration when its size reached 15 um radius,
and so the bubble was always in a known constant air
concentration in water as a starting point for dissolution. Holding
the microbubble in a stationary condition eliminated any washing
effects due to convective transport.

To oppose the effects of buoyancy, the microbubble had to be
held in the pipet with a small but significant suction pressure.
Positioned at the end of the micropipet, the bubble simply
dissolved in the saturated solution, losing volume at a rate readily
measurable on the video recording. Then, once the bubble lost
sufficient volume and reached the size of the pipet mouth, the
bubble was sucked into the pipet. Thus the measurement could
only be made down to about the size of the pipet (2.5—4 um
radius) and so required a small extrapolation to find the actual
time of complete dissolution (radius — 0). Although only in the
kdyn/cm? (milliatmosphere) range, the micropipet suction pres-
sure was found to affect the time of dissolution; that is, the higher
the suction pressure, the faster the dissolution of the gas from
the bubble. This was corrected by performing an extrapolation
of the dissolution time to zero suction pressure for three pressures
of 20, 10, and 5 kdyn/cm?2. Therefore, two simple extrapolations
are required to find the complete bubble’s dissolution time when
held with a pipet; that is, the first extrapolates the monotonic
reduction in size from the pipet radius to zero radius, and the
second takes these complete dissolution times as a function of
pipet suction pressure and extrapolates a series of values from
20, 10, and 5 kdyn/cm? to zero pipet pressure.

Experiment Il. For the undersaturated case and gas micro-
particles with zero tension in their surface, a few preformed lipid-
coated gas microparticles were injected into the saturated solution
where they remained stable for capture.34~363% One was captured
at the top of the chamber and lowered to the center. The transfer
pipetwas then translated to cover the bubble as shown in Figure
3. By moving the stage and keeping the gas microparticle in the
transfer pipet, constantly centered and observable over the
microscope objective, the external solution was changed from
the saturated to the undersaturated solution, and the transfer
pipet was moved away from the microparticle to expose it to the
undersaturated solution. For comparison of experiments | and
11, alipid-coated gas microparticle (at zero tension in the surface)
was also observed in saturated solution.

Results

Effect of Surface Tension (Experiment I). Figure
7 shows the data from a single experiment of air
microbubble dissolution in 10 mM SDS solution. The three
sets of points are the data at three different pipet suction
pressures holding the air bubble (20, 10, and 5 kdyn/cm?).
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micropipet suction pressures for the 10 mM SDS solution (from
data in Figure 7).

Table 1. Concentrations and Type of Surfactants Used
and Resulting Surface Tension

surface surface

tension tension
concentration (mN/m) concentration (mN/m)
pure water 72 10 mM SDS 40
0.1 mM SDS 70 10 mM DDBSA 32
1.0 mM SDS 68 100 mM DDBSA 30
3.5 mM SDS 60 1 mM SOPC 25
4.5 mM SDS 50 5 mM DSPC (solid) ~0

This was repeated three times for each aqueous solution
tested (see Table 1 for alist of solutions), and each solution
was prepared three discrete times. This experimental
setup allowed us to observe a gas microbubble in an
essentially isotropic diffusion field and eliminated the
anisotropic gas concentration gradient problems associ-
ated with an impermeable boundary, as exists if a
microbubble is just allowed to rise and locate at the top
of a glass microchamber. As explained in the previous
section, each data set for a given pipet suction pressure
was extrapolated to find the total time of dissolution at
the particular pipet suction pressure. With a pipet radius
of 4 um, the microbubble could be followed almost to
complete dissolution, so these three dissolution times are
then linearly extrapolated to zero pressure (Figure 8). A
total of 27 microbubbles were measured to obtain nine
extrapolated dissolution times for each surface tension.
To practically compare data from all the systems, the
average of the nine extrapolated dissolution times is
plotted against surface tension where all microbubbles
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Figure 9. Experiment I and theory. Dissolution time for 15
um radius air bubbles versus surface tension. The lines at the
extremes of the shaded area represent the theory from eq 17
that result because of the range of D and ky (Cs) of air in water
in the literature.

had an initial starting radius at stationary conditions of
15 um (Figure 9). The error bars represent the standard
deviation of the nine extrapolated dissolution times. The
shaded area represents the theoretical range resulting
from the range of diffusion coefficient D and Henry’s law
constant ky (solubility Cs) of air in water in the literature.
The two outer lines of the shaded area were calculated
from eq 17. The upper line represents the theory where
the values are D = 1.75 x 107°>cm?/s and kg = 0.744 mM/
atm (Cs=2.16 x 10-°g/cm?), and the lower line represents
the theory where D = 2.00 x 107° cm?/s and ky = 0.826
mM/atm (Cs = 2.4 x 1075 g/cm3).

Effect of Undersaturation (Experiment II). Utiliz-
ing gel-phase DSPC lipid as the monolayer shell sur-
rounding the air microparticle permits the assumption to
be satisfied of zero tension in the gas microparticle surface
and with it, a condition of zero Laplace pressure. Gas
dissolution is then only driven by the level of gas
undersaturation in the surrounding solution. Starting with
amaximally undersaturated solution, the undersaturated
solution placed in the microchamber resaturates with air
over time. Since the resaturation rate is relatively slow,
this resaturation does not affect the gas microparticle
dissolution once formed; it will only affect the initial
conditions around the microparticle. As the air escaped
from the gas microparticle, the solid-shelled monolayer
was observed to be misshapen (crinkle) and reshape back
to spherical caused by the buckling of the solid monolayer,
possible folding and shedding of the lipid monolayer while
still remaining contiguous with the interfacial material,
and elastic recovery. Figure 10 shows the radius (measured
at each spherical reshaping) versus time as the initial
degree of saturation f. The degree of saturation f is the
ratio of the initial air concentration in surrounding water
to the saturated concentration of air in water. As the
surrounding medium is more saturated with air (fis closer
to 1), the particle dissolves at aslower rate. The saturated
case (f = 1) is the same experiment as in the previous
section (experiment I) with zero surface tension and has
been tested to 6 h with no change in particle size and so
essentially represents an infinite dissolution time and
confirms the solid shell with zero tension in the surface
and zero Laplace pressure. Figure 11 plots the average
time of dissolution as a function of initial gas saturation.
The average was calculated from seven dissolution times,
and the error bars represent the standard deviation. The
outer two lines of the shaded area represent the theory
from eq 10 with upper and lower bounds of D and kg (Cs).
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Dissoblation Ti

Discussion

The micropipet technique was used to measure the
dissolution of microbubbles (experiment I) and gas mi-
croparticles (experiment I1l) in aqueous media. The
technique was shown to match the requirements and
assumptions of the Epstein—Plesset theory. This mi-
cropipet technique has shown to be an improved method
of measuring dissolution over previously reported attempts
because microbubbles and microparticles can be created
and held stationary in an essentially isotropic diffusion
field, their dimensions measured accurately, and lifetime
accurately found for complete dissolution. By using a
controlled amount of suction pressure in a small pipet,
microparticles can be easily manipulated in a solution.
Microbubbles can be created with the pipet by applying
aslight positive pressure and forcing air out into solution
and the microbubble can then be held by a slight suction
pressure, all with the same pipet. In addition, a preformed
microparticle can be manipulated from the environment
in which it was created (and in which it is stable) and
transferred to a different environment for accurate
measurement in a particular solution. The small pipet
also allows the observation of almost the entire dissolution
process. The entire microparticle dissolution experiment
is recorded on a videotape for accurate measurement of
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Figure 12. Dissolution of an air microbubble in saturated 10
mM SDS aqueous solution and influence of an impermeable
boundary. The triangles represent the dissolution of a mi-
crobubble held with a micropipet in the center of the solution,
while the squares are of a microbubble against an impermeable
wall (top of the glass microchamber). The solid line represents
the EP theoretical model, while the dashed line is the same EP
theory modified with an empirically determined constant to
correct for the diffusion against the impermeable wall.23:2526.28.38
The dissolution of an air microparticle against an impermeable
wall lasts about 1.44 times longer, as empirically determined,
than one held with a micropipet without this diffusion
hindrance.

the microparticle diameter, along with temperature and
pressure indicators.

One of the most beneficial aspects of the micropipet
technique isthatitis free of any large solid boundary that
greatly alters the isotropic diffusion process necessary for
the theory. This technique eliminates the need for an
impermeable boundary wall to hold the microparticle
stationary in view and thus eliminates the hindrance of
diffusion due to the impermeable wall. The only possible
hindrance of diffusion is the pipet itself. It will have some
hindrance of diffusion, albeit much smaller, due to the
small surface area covered by the glass of the pipet tip.
Dissolution data for a microparticle, which was not
manipulated with a pipet but rather was allowed to float
to the glass surface at the top of the experimental setup,
have also been completed. Both experiments | and |1 were
repeated with the microparticle allowed to rest against
the glass microscope coverslip at the top of the chamber.
All of these data will be presented in a future publication
along with a new computational theory describing the
effect of the impermeable wall on microbubble dissolu-
tion.3” The computation model will fully describe the
complex situation of gas diffusion from a microbubble
against an impermeable wall. For the purpose of this
discussion, acomparison plot of one microbubble held with
the pipet and one resting against a horizontal glass
microscope coverslip is shown in Figure 12. The EP theory
isalso plotted with average D and k, found in the literature
to show the comparison with a microbubble held with the
pipet. The same EP model is multiplied by the previously
found empirical constant of In 2 (~0.69) for comparison
of the microbubble against the impermeable wall.?5:26.28.38
The modified EP theory is equivalent to a reduction of the
diffusion constant by 0.69. The experimental data clearly
demonstrate the relatively large change in dissolution
time due to the impermeable wall. The microparticle
against the impermeable wall does indeed increase the
dissolution time by about 1.44, as approximated from the
empirical correction calculated in the 1950s and 1960s.
The empirical correction for the impermeable boundary
wall, as shown previously, will increase the dissolution
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time by 44%, compared to a free microparticle. This
confirms the importance of using experimental conditions
consistent with the theory in order to make absolute
conclusions based on a theory. Thus, even with the small
influence of the pipet and the necessity to use a pipet
suction pressure, the micropipet technique mimics, as
closely as possible, the EP theory for a free gas microbubble
or gas microparticle in an isotropic stationary diffusion
and concentration field.

Effect of Surface Tension (Experiment l). The aim
of experiment | was to study the effect of surface tension
on microbubble dissolution and compare it to the EP
theory. The level of saturation of the solution surrounding
the microbubble was constant at equilibrium saturation
in all experiments, so the only mode of dissolution was
due to surface tension alone. Single- and double-chain
surfactants were used to produce an interface with a well-
defined specific surface tension. The surface tension was
adjusted by first choosing an appropriate surfactant and
then by changing the concentration of surfactant in the
aqueous solution prior to creating the microbubble. The
surfactant also controlled any possible contamination at
the interface, which if not controlled would form a “dirty
skin” and necessarily change the dissolution rate, as found
previously by others. The microbubble was produced in
a well-defined environment and then held with a mi-
cropipet during dissolution. By controlling the interfacial
properties, allowing essentially isotropic diffusion, and
accurately measuring the microbubble size, the average
experimental error was calculated to be 3.2% (percent
standard deviation). This error is an improvement of the
10% or more found previously by others.

Without any fitting, the theory slightly underpredicts
the dissolution time of experiment | by an average of 8.6%
asshownin Figure 9. Thisisequivalenttoonly an average
of a 4.4 s shift of the theory from the experimentally
determined dissolution time for a 15 um gas microbubble.
The slight deviation of the theory from the experiment
could be contributed by a few factors not incorporated in
the original approximate theory. The factors include a
possible monolayer hindrance to gas transport out of the
gas microparticle, viscosity and elastic interfacial effects,
solvent vapor pressure, and bulk viscosity effects. Previ-
ously these factors have been theoretically investigated
by others using various numerical methods and it was
shown that over most of the time domain of bubble
dissolution the rather simple quasi-stationary model (in
which the listed factors above are ignored but where
surface tension effects can be easily accounted for) provides
results which are very similar to a solution of the complex
“complete” set of mass transfer equations.

Single-chain surfactants have been shown to have no
effect on the rate of absorption of gases in water and are
not considered a diffusion barrier.2>2” Therefore, the
surfactants used in experiment | (SDS and DDBSA) are
not expected to cause a barrier to dissolution but would
slow dissolution (compared to without surfactant) due to
the lower surface tension and lower Laplace pressure as
predicted. The only double-chain surfactant used was
SOPC, and since its results do not deviate from the trend
for the single-chain surfactant it is not considered to affect
the dissolution any differently. The presence of a vapor
pressure of the surrounding medium in the microbubble
offsets part of the solute pressure and accordingly reduces
the gas solute concentration at the interface and hinders
the rate of shrinkage but has shown to be much less
significant than surface tension.*® Kloek et al. have
recently shown the effects that bulk and interfacial
rheological properties have on the dissolution behavior of
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a single bubble in an infinite medium.*?> However, these
are more important for food systems where the viscosity
and/or elasticity are much higher than those of the air/
surfactant or monomolecular lipid shell/water system
presented here. Thus these properties of viscosity and/or
elasticity are relatively insignificant to the systems
explored in this paper. All of these effects have been shown
not to be major factors in the dissolution of a microbubble
thissmall in size; however, collectively they may contribute
to the slight deviation found in the experiment from the
theory. Nevertheless, the analytical EP solution is shown
to be a good approximation of the experiment.

Previously, others have compared the numerical results
from exact mass transfer equations to the quasi-stationary
approximation of Epstein—Plesset as presented in this
paper. Weinberg observed that the approximation dis-
solution time is only 1% faster than the exact mass transfer
equations and that surface tension is the greatest factor,
compared with all convection effects, for the entire
dissolution of a small air bubble in saturated solution.*
Yung et al. also compared the numerical result with the
Epstein—Plesset approximation for inclusion of surface
tension and water vapor in the bubble.*° They found that
the results of the approximations are very close to their
more exact numerical results except when the bubble is
closer to complete dissolution where the approximation
methods predict a lower radius (the approximation starts
to deviate after the radius is about 50% of the initial
radius). Surface tension and solvent vapor are found to
be important when the liquid is slightly undersaturated
with the diffusing gases. When undersaturation is large,
both effects can be neglected and the approximate methods
and the numerical solutions are equally effective in
matching the experimental data. This is in agreement
with our result of the EP theory slightly underpredicting
the experimental data.

Effect of Undersaturation (ExperimentIl). Theaim
of experiment Il was to study the effect of air undersatu-
ration on air-filled microparticle dissolution and compare
to EP theory. To study the effect of undersaturation
independently, the interface must have zero tension in
the surface. Toaccomplish this, gel-phase lipids were used
toachieve zero tension in the surface and thus zero Laplace
overpressure. For a solid lipid shell coated microparticle,
the term “tension in the surface” is used to distinguish
from the “free” surface tension. This tension in the surface
determines the excess pressure in the solid lipid coated
microparticle case (experiment I1). A solid lipid shell can
sustain a state of stress in the surface, particularly as the
monolayer transition temperature is much higher than
ambient temperature. Direct mechanical tensions can be
applied that are not necessarily the same as thermody-
namic surface tensions involving free partitioning of
interfacial surfactants and phases.

For a gas microparticle that has a monolayer of sur-
factant, especially a waxy (solid) lipid shell at its inter-
face, it might be expected that the monolayer would
present a barrier to gas diffusion out of the particle, and
so a second diffusion constant (or resistance) may have to
be included in series with gas diffusion in the surrounding
solution. A single layer of molecules, particularly if they
are largely lipid in makeup, may slow permeation of some
gases, but gases with high lipid solubility would have their
diffusion enhanced by a lipid monolayer.%” It has been
shown by a variety of techniques that monolayers of the

(67) Blank, M. The permeability of monolayers to several gases. In
Retardation of Evaporation by Monolayers: Transport Processes; LaMer,
V. K., Ed.; Academic Press: New York, 1962.
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close-packed condensed type, such as fatty acids and
alcohols of saturated C16 chain length and longer, lower
the evaporation rate. Monolayers such as oleic acid,
cholesterol, and various protein films have no detectable
effect. In general, the effectiveness of close-packed mono-
layers is related to the size and shape of the hydrocar-
bon chain and to the nature of the polar group. We have
shown here that the use of a solid lipid shell can elimi-
nate the Laplace driving overpressure and therefore
these waxy monolayer-coated interfaces exist with zero
tension at the air/water interface. That is, considering
the fact that the encapsulated gas microparticle in
saturated solution (f = 1) is stable, the tension in the
surface must be zero. Otherwise, from Epstein—Plesset
theory, the encapsulated gas microparticle would have
dissolved very rapidly, in seconds, as do free gas mi-
crobubbles (see experiment I). Even if the surface tension
was only 5 mN/m in a saturated solution, a Rp = 15 um
gas microparticle would theoretically dissolve in about 5
min; however, again we have shown it does not change
size for at least 6 h.

The micropipet technique allows near isotropic diffusion
of the microparticle gas, since it is free of an impermeable
wall. This is consistent with the EP theory, and one can
now use this technique to make absolute conclusions.
Borden and Longo have shown a relative monotonic
increase in shell resistance to gas dissolution with increase
of lipid hydrophobic chain length (diC18PC—diC24PC),
while finding a near constant level of resistance for chain
length diC18PC and lower.33 As shown in Figure 12, an
impermeable wall increases the dissolution time by 44%.
If not accounted for, this large increase in dissolution time
would be erroneously attributed to a resistance due to the
monolayer. After subtracting the resistance due to the
impermeable glass wall from the results of Borden and
Longo, it can be concluded that no resistance is encoun-
tered with lipid chain lengths below diC18PC and an
increase of resistance exists with lipid chain lengths from
diC18PC to diC24PC (with a slope equal to their results).
Using the micropipet technique, we have shown that DSPC
(diC18PC) does not have a resistance to gas diffusion out
of the microparticle. In processing gas microparticles, we
had a constant cooling rate for taking the DSPC shells
through their liquid crystalline to solid phase transition
at 55 °C and thus consistent microstructure and me-
chanical properties,®3° and as the data presented here
suggest, the diC18PC solid shell does not hinder gas
dissolution. Compared to our data, Borden and Longo’s
resistance measurements (once corrected for the boundary
effects) would represent the true dissolution time and the
resistance provided by PC lipid shells.

The average experimental error of experiment Il was
calculated to be 3.2% (percent standard deviation). This
is compared to an experimental error of over 35% found
previously by others using lipid DSPC at the interface of
the microparticle.®® Without fitting, the theory overpre-
dicts experiment Il by an average of 8.2% as shown in
Figure 11. This is only an average of about a 4.1 s shift
in total dissolution time from the theory. The slight
deviation of the experiment from the theory could be
contributed by convection effects that were not incorpo-
rated in the original approximate theory. Even though
the convection effects were shown to be insignificant
overall, they are a large amount of the relatively small
deviation of the theory. Including convection effects would
shift the theory to lower dissolution times and more closely
align the theory to the experimental data. The convection
effects would impose only a 1-4% overall shift but
nonetheless would shift the theory closer. While no single
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explanation can be found for the reason both experiment
I and experiment Il were slightly different from their
respective theories, they have both proved to be very good
approximations. The experimental technique is very
consistent and reproducible as shown by the low experi-
mental error.

Conclusion

The Epstein and Plesset model is found to be a good
approximation for the complete dissolution of asmall (less
than 15 um radius) gas microparticle in aqueous solution.
The micropipet technique has shown to provide a very
appropriate and relatively convenient method with which
to test the Epstein—Plesset theory because of the fact that
there are no large solid boundaries that create nonisotropic
diffusion and concentration fields and that individual
microparticles and microbubbles could either be created
in situ in saturated solution (microbubble) or be manipu-
lated into undersaturated solution (gas microparticle).
Subsequently, the experimental method has been shown
to more appropriately test the required Epstein—Plesset
model conditions and assumptions for a single gas
microbubble or gas microparticle in an infinite isotropic
medium than previous attempts that have contained
larger error and ill-defined interfacial conditions. The use
of surfactants to control surface tension also allowed
control of any contamination that has affected previous
experimental attempts. The lifetime of a gas microparticle
has been found with the micropipet technique with a 3.2%
error, an improvement over previous attempts by others.
The Epstein—Plesset model slightly underpredicted the
dissolution time by 8.6% of the measured dissolution time
for experiment I, where the effect of surface tension, and
therefore Laplace pressure, was considered (in gas-
saturated solution) for a range of surface tensions from
72 down to 25 mN/m. The EP model slightly overpredicted
the dissolution time by 8.2% of the measured dissolution
time for experiment 11, where the effect of undersaturation
was considered for a microparticle with zero tension in
the surface (zero Laplace pressure) in a range of gas-
saturated solutions from 70% to 100%. These data then
have allowed us to accurately test the Epstein—Plesset
model for the dissolution time of an air microparticle in
water.
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Notation
c gas concentration
Co initial gas concentration in the medium
Cs saturated gas concentration in the medium
t time
r radial position
R microparticle radius
Ro initial microparticle radius
D diffusion coefficient
m mass
J gas flux
P density of the gas
Pb density of the gas in the bubble
f medium gas saturation fraction (f = Cy/Cs)
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Kn
Pe

Henry’s law constant
atmospheric pressure
molecular weight

gas constant
temperature
dissolution time
surface tension
number of moles

TTe

SDS
DDBSA
SOPC
DSPC
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volume

critical surface pressure
sodium dodecyl sulfate
dodecyl benzene sulfonic acid
stearoyloleoyl-phosphocholine
distearoyl-phosphocholine
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