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ABSTRACT Air-filled microbubbles  are in clinical use as
echo-contrast agents for sonographic applications. The synthe-
sis of aqueous suspensions of air-fdled  proteinaceous microbub-
bles  involves the ultrasonic irradiation of aqueous protein
solutions in the presence of Oz. Yields and size distributions of
human and bovine serum albumin microbubbles have been
determined as a function of various experimental parameters.
The chemical nature of these microbubbles and the origin of
their remarkably long lifetimes have been explored. The mi-
crohuhhles are held together primarily by interprotein cross-
linking of cysteine residues. The principal cross-linking agent
is superoxide created by the extremely high temperatures
produced during acoustic cavitation.

Two-dimensional contrast echocardiography has become a
valuable tool in diagnosing cardiac disease (l-3) and moni-
toring myocardial perfusion (4-6). This technique uses the
reflection of ultrasound to image heart tissue in viva.  To
enhance image quality, a solution containing microbubbles
may be injected intravenously to perfuse the cardiovascular
system; these microbubbles change the acoustic impedance
of the blood flow, resulting in dramatically improved echo
contrast with the surrounding tissues (7, 8). To permit
unimpeded motion through the circulatory system, the opti-
mum diameter for such microbubbles is ~10 pm. Gas-tilled
bubbles this small, however, are usually very short-lived
because of rapid gas dissolution. Air-filled microbubbles
have been formed in various aqueous solutions [including
those of HzOz,  meglumine sodium diatrizoate (Renografin-
76). 50% dextrose, 70% sorbitol, and SHLJ-4541.  These
\vstems  suffer from short storage life, low microbubble
stability. or high toxicity (9-13).

Recently, the synthesis of long-lived air-filled microbub-
hles was reported (14-18) from the ultrasonic irradiation of
human serum albumin (HSA). HSA microbubbles are non-
toxic. have optimal size, and have been used successfully in
transpulmonary contrast echocardiography (19-21). These
proteinaceous microbubbles are under commercial develop-
ment and have U.S. Food and Drug Administration approval
for clinical trials (22). The chemical nature ofthese  microbub-
bles. however. has not been previously explored. We de-
scribe here the chemical mechanism by which high-intensity
ultrasound creates air-filled proteinaceous microbubbles
from aqueous protein solutions.

MATERIALS AND METHODS

Bubble size distributions in aqueous solution were analyzed
with a particle counter (Elzone 180XY). Light microscopy
confirmed the particle size distribution. Bovine catalase,
bovine superoxide dismutase, sperm whale myoglobin, hu-
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man hemoglobin (Hb), and fraction V powders of HSA and
bovine serum albumin (BSA)  were purchased from Sigma and
used without further purification. Proteinaceous microbub-
bles were synthesized from BSA and HSA using procedures
described elsewhere (14-18),  resulting in concentrations as
high as =3 x lo9 microbubbles per ml. Microbubbles formed
from BSA and HSA have similar size distributions. Solutions
were irradiated with a high-intensity ultrasound horn (Heat
Systems W375,  20 kHz, 1.27-cm  Ti horn) for 3 min at an
acoustic power of ~200  W/cm*,  at pH 7.0 with an initial
temperature of 50°C.

RESULTS AND DISCUSSION

Ultrasonic irradiation of solutions can produce emulsification
(23). Ultrasonic emulsification creates the microscopic dis-
persion of gas into the protein solution to form the protein-
aceous microbubbles. Alone, however, emulsification is in-
sufficient: emulsions produced by vortex mixing instead of
ultrasonic irradiation produce no long-lived microbubbles, as
shown in Fig. 1.

Ultrasonic irradiation of liquids also can produce cavita-
tion: the formation, growth, and implosive collapse of bub-
bles (24). The compression of such bubbles creates transient
hot spots with enormous peak temperatures (24, 25). One
might propose that thermal denaturation of the protein from
this localized heating is responsible for microbubble forma-
tion. If so, then the effects of dissolved gases on cavitation
should increase microbubble yields for Ar versus 02 or Nz
(because of decreased heat capacity ratios, C,/C,), whereas
the latter two gases would be equivalent. Experimentally,
however, high concentrations of microbubbles are synthe-
sized only when the reaction is run under 02 or air. Sparging
the solution with Ar or N2 before ultrasonic irradiation
substantially diminished the formation of microbubbles (Fig.
1). Thus, proteinaceous microbubbles are not formed from
heat denaturation of the protein but instead result from
specific chemical reactions involving Oz.

Acoustic cavitation in water generates He and OH*,  which
have been detected by ESR spin-trapping experiments (26).
These radicals can react further to produce Hz02 or (in the
presence of 02) HO2 (27-29). Thus, one might hypothesize
that OH., HzOz,  or HO2 could be oxidizing the protein during
formation of the proteinaceous microbubbles. To determine
the nature of such sonochemical reactions in the synthesis of
microbubbles, we examined the effects of various chemical
traps. The addition of nonspecific radical traps, such as
glutathione or 2,6-di-rert-butyl-4-methylphenol,  completely
inhibits the synthesis of microbubbles (Fig. 2). To determine
specifically which oxidant is important, separate reactions
were run in the presence of catalase [which rapidly decom-
poses Hz02 to water and oxygen (30)]  or in the presence of

Abbreviations: HSA, human serum albumin; BSA, bovine serum
albumin.
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FIG. 1. Particle size distribution analysis of aqueous suspensions of proteinaceous microbubbles. -, Aqueous solution of 5% (wt/vol) BSA
irradiated with ultrasound under air; - - -, aqueous solution of 5% (wt/vol) BSA irradiated with ultrasound under Ar; -***e.,  aqueous solution of
5% (wt/vol)  BSA vortex agitated under air.

superoxide dismutase [which rapidly decomposes superox- residues) does not (33-35). If the cysteine residues are
ide to Hz01 and water (31)].  Microbubble formation is alkylated with N-ethylmaleimide (36,37)  to prevent oxidation
inhibited by superoxide dismutase but nor by catalase. In and the formation of disulfide bonds, we observe a dramatic
fact, the presence of catalase increases the yield of microbub- decrease in microbubble formation (Fig. 2). Furthermore, the
bles, presumably by decreasing protein destruction from oxidation of aqueous solutions of cysteine by ultrasound has
sonochemically produced peroxide. Fig. 2 shows the inhibi- been previously observed (38). Thus, we believe that protein
tion of microbubble formation by superoxide dismutase. cysteine residues are oxidized during microbubble formation,
Thus, we propose that superoxide is the principal oxidant creating interprotein disultide bonds that cross-link the pro-
responsible for microbubble formation. teins and hold the bubbles together.

Superoxide is known to oxidize free cysteine (32). We find
that air-tilled proteinaceous microbubbles can be formed only
from proteins that have cysteine residues. For example,
BSA, HSA, and Hb (all of which have cysteine residues) form
microbubbles, whereas myoglobin (which has no cysteine

The mechanism responsible for forming the proteinaceous
microbubbles is a combination of two acoustic phenomena:
emulsification and cavitation. Dispersion of gas into the
protein solution, coupled with chemical cross-linking of the
protein at the bubble interface results in the formation of
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FIG. 2. Radical trapping and cysteine modification prevent the formation of proteinaceous microbubbles during ultrasonic irradiation under
air. -, Aqueous solution of 5% (wt/vol)  BSA; -.-.-, aqueous solution of 5% (wt/vol) BSA and 0.2% superoxide dismutase; .****...,  aqueous
solution of 5% (wt/vol)  BSA and 0.94 M N-ethylmaleimide; - - - -, aqueous solution of 5% (wt/vol) BSA and 0.1 M glutathione. Inhibition of
microcapsule formation also occurs with 2,6-di-rert-butyl4methylphenol,  another common radical trap.
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long-lived microbubbles useful as sonographic echo-contrast
agents. We have recently discovered that a similar process
can also be used to prepare water suspensions of protein-
coated microcapsules filled with various nonaqueous liquids
(39).
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