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Abstract: In 1990, Suslick and co-workers developed a
method in which they used high-intensity ultrasound to
make aqueous suspensions of proteinaceous microcapsules
filled with water-insoluble liquids, and demonstrated the
chemical mechanism of their formation.!! Suslick’s paper
opened up a new field that is reviewed in the current
manuscript, and this article will attempt to review the ex-
periments that have been conducted since the discovery
of this phenomenon. It will answer questions regarding
the mechanism of the formation of the microspheres,
whether the sonication denaturates the protein or if its
biological activity is maintained, and, finally, will address

\_

possible applications of the proteinaceous microspheres.
Proteinaceous microbubbles will be referred to as pro-
teinaceous microspheres (PM) throughout this review, al-
though they may not have a perfect spherical shape in all
cases. This review will start with a short introduction to
sonochemistry, although this topic is, and has been re-
viewed frequently.”” The review covers literature pub-
lished until December 2006.

Keywords: drug encapsulation - microspheres - nanoparti-
cles - proteins - sonochemistry
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Sonochemistry

Sonochemistry is the research area in which molecules un-
dergo chemical reaction due to the application of powerful
ultrasound radiation (20 KHz-10 MHz).?! The physical phe-
nomenon responsible for the sonochemical process is acous-
tic cavitation. Let us first address the question of how
20 kHz radiation can rupture chemical bonds (this question
also relates to 1 MHz radiation), and try to explain the role
of a few parameters in determining the yield of a sonochem-
ical reaction, and then describe the unique products ob-
tained when ultrasound radiation is used in materials sci-
ence.

A number of theories have been developed to explain
how 20 kHz ultrasonic radiation can break chemical bonds,
and they all concur that the main event in sonochemistry is
the creation, growth, and collapse of a bubble that is formed
in the liquid. The first question is how such a bubble can be
formed, considering the fact that the forces required to sep-
arate water molecules to a distance of two van der Waals
radii would require a power of 10° Wem™'?™ On the other
hand, it is known that in a sonication bath, with a power of
0.3 Wem™L,?! water is readily converted into hydrogen per-
oxide. Different explanations have been offered; they are all
based on the existence of unseen particles, or gas bubbles,
that decrease the intermolecular forces, enabling the crea-
tion of the bubble. The experimental evidence for the im-
portance of unseen particles in sonochemistry is that when
the solution undergoes ultrafiltration, before the application
of the ultrasonic power there is no chemical reaction and
chemical bonds are not ruptured. The second stage is the
growth of the bubble, which occurs through the diffusion of
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solute vapor into the volume of the bubble. The third stage
is the collapse of the bubble, which occurs when the bubble
size reaches its maximum value. From here we will adopt
the hot-spot mechanism, one of the theories that explain
why, upon the collapse of a bubble, chemical bonds are
broken. This theory claims that very high temperatures
(5000-25000 K)®! are obtained upon the collapse of the
bubble. Since this collapse occurs in less than a nanosec-
ond,®” very high cooling rates, in excess of 10" Ks™!, are
obtained. This high cooling rate hinders the organization
and crystallization of the products. For this reason, in all
cases dealing with volatile precursors in which gas-phase re-
actions are predominant, amorphous nanoparticles are ob-
tained. The sonochemical reaction can be a gas-phase reac-
tion involving usually the vapors of the volatile reactants. In
this case, the reaction takes place at very high temperatures
of about 5000 K. If, on the other hand, the precursor is a
nonvolatile compound, the reaction occurs in a 200 nm ring
surrounding the collapsing bubble.!'”! In this case, the sono-
chemical reaction occurs in the liquid phase.

The Sonochemical Synthesis of Proteinaceous
Microspheres

Air-filled proteinaceous microspheres (PM) were synthe-
sized by sonication prior to Suslick’s work. For example, air-
filled human serum albumin were made by Dick and Fein-
stein"? as contrast agents in echosonography. These prod-
ucts suffer from short storage life, low microbubble stability,
or high toxicity." The first liquid-filled proteinaceous mi-
crospheres (PM) were prepared by Suslick."! They were
made of BSA (bovine serum albumin) and were filled with
n-dodecane, n-decane, n-hexane, cyclohexane, or toluene.
The synthesis was conducted under high-intensity ultrasonic
probe and 1.5x10° microcapsules per mL were obtained
upon sonicating the precursor solution under air or O,. The
average diameter of the PM was 2.5 um with a narrow size
distribution (Gaussian distribution==+1.0 ym). Ultrasonic ir-
radiation of human serum albumin (HSA) generates similar
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microcapsules to those of the BSA; the same is true for the
PM of hemoglobin (Hb).!"

To investigate the microcapsule’s interior, water-insoluble
5,10,15,20-tetraphenylporphyrin (H,TPP) was used as a
probe. H,TPP is soluble in a wide range of medium-polarity
liquids, but is completely insoluble in water or aqueous pro-
tein solutions."! These measurements showed that although
these protein microcapsules are suspended in water, a non-
aqueous liquid is present inside. The first question raised by
Suslick and co-workers was how are the microcapsules
formed and what holds them together?™! The answer to this
question relates also to the importance of the nonoaqueous
liquid. Emulsification must occur during the microscopic dis-
persion of the nonaqueous phase into the aqueous protein
solution.

Ultrasonic emulsification is a well-known process and
does occur in this biphasic system. Emulsification is necessa-
ry for microcapsule formation. However, if vortex mixing
emulsification is used instead, microcapsules are not
formed. Consequently, emulsification by itself is not suffi-
cient for microsphere formation. Thermal or solvent denatu-
ration (for which O,, N,, and Ar should give similar results)
cannot explain the microcapsule permanence. Because Sus-
lick found that PMs are created only in O, or air, the
answer must involve the chemistry associated with ultra-
sound radiation. Aqueous sonochemistry caused by the im-
plosive collapse of bubbles produces OH" and H"."* The rad-
icals so-produced form H,, H,0,, and, in the presence of O,,
superoxide HO,.['*'1 Hydroxyl, superoxide, and peroxide
radicals are all potential protein cross-linking agents. Using
various trapping agents, they concluded!" that the important
oxidant involved in microcapsule formation is superoxide.
They proposed that the cysteine, which is present in BSA,
HSA, and Hb, is oxidized by the superoxide radical. The mi-
crocapsules are held together by protein cross-linking
through disulfide linkages from cysteine oxidation. Myoglo-
bin (Mb), which has no cysteine, revealed a substantial de-
crease in microcapsule yield relative to Hb.

The employment of a protein disulfide cleavage reagent,
such as dithioerythritol, destroyed the PM. In a similar way,
inhibiting the oxidation of cysteine by alkylation with N-eth-
ylmaleimide reduced the formation of PM considerably. In a
later publication, Suslick and Grinstaff" reported on the
preparation of aqueous suspensions of air-filled proteina-
ceous microbubbles. The synthesis involves the ultrasonic ir-
radiation of aqueous protein solutions in the presence of O,.
Yields and size distribution of human and BSA microbub-
bles were determined as a function of various experimental
parameters. The ultrasound irradiation was conducted at
50°C and lasted three minutes."® This irradiation time is
typical for the optimal formation of the PM. If longer irradi-
ation times are used, a reduction in the number of PM is ob-
served. It is worth mentioning!"! that the difference in the
formation of the liquid- and air-filled bubbles is in the posi-
tion of the sonicator. In a typical synthesis of liquid-filled
PM, the organic liquid is layered over a 5% w/v protein so-
lution and the horn is positioned at the organic-water inter-
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face. For air-filled microbubbles, the horn is placed at the
air-water interface.’” The chemical nature of these micro-
bubbles and the origin of their remarkably long lifetimes
have been explored. The microbubbles 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.

Are Proteinaceous Microspheres Biologically
Active?

Suslick has addressed this question in the microspheres
formed with hemoglobin (Hb).”*” The microbubbles of Hb
were filled with air and are described as having many of the
ideal characteristics needed for use as a blood substitute. As
a blood substitute, they have to fully bind oxygen in the
lungs and efficiently unload oxygen in the tissues, which im-
plies positive cooperativity in oxygen binding. Second, it
should respond to the body’s own allosteric effectors (such
as phosphates) to modify its binding properties in vivo in re-
sponse to metabolic needs. Third, the blood substitute must
possess adequate oxygen-carrying capacities. Fourth, it must
not trigger any immunogenic response or damage the kid-
neys or other organs. Fifth, the blood substitute must be
stable under storage conditions.”” Indeed, as far as the last
condition is concerned, the Hb microbubbles have excellent
stability and show minimal degradation (<25%) after stor-
age for six months at 4°C. The microbubbles are initially in
met-Fe™ form, which cannot bind O,; hence, for the iron re-
duction to Fe', Suslick and Wong?” used the Hyashi pro-
cess.?!l Before each oxygen binding experiment, the reduc-
tion system was added to the microbubbles and left at 4°C
for 24-36h and then removed by centrifugal filtration.
Oxygen binding curves for native Hb and the microbubbles
were determined by using an apparatus similar to that de-
scribed by Imai and co-workers.”” The absorption spectra of
the microbubbles of met-Fe', oxy-Fe", and deoxy-Fe" have
their intense peak in the 400-450 nm range (Soret bands),
and weak absorption bands in the 550-600 nm region.”” The
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absorption bands of the native Hb appear in the same
region. This indicates that the environment surrounding the
active heme site has not been altered significantly during
the microsphere formation process. The results of the
oxygen binding have shown that the P, value (the partial
pressure of oxygen at which half of the available binding
sites on Hb are bound to O,) are similar to the native Hb
and sonicated Hb microbubbles.” This means that the mi-
crotubules can bind and release oxygen at the same oxygen
pressures as native Hb. A surprising result obtained by Sus-
lick and co-workers®”! was related to the Hill coefficient (in-
dicating the level of cooperativity between oxygen binding
sites). The Hill coefficient of the microbubbles was signifi-
cantly higher than that of the native Hb solution.

Allostric effectors of native Hb, such as inositol hexaphos-
phate, have shown a similar activity for the Hb microbub-
bles. The authors have calculated the oxygen-carrying ca-
pacity of the Hb microbubbles and found that for O, filled
microbubbles it is greater by 50% than whole blood
(0.32 mL O, per mL microbubble versus 0.2 mL O, per mL
blood).”” Two other investigations probing the biological ac-
tivity of PMs were conducted in Gedanken’s group.*?!! In
the first, avidin microspheres were prepared by using the so-
nochemical method. It was found that these microspheres
can bind biotin, but to a lesser degree than the native pro-
tein. It is known that the complex formed between the vita-
min biotin and avidin is the strongest interaction known be-
tween a ligand and a protein.” The most important bonds
in the binding of biotin to avidin are the hydrogen bonds
formed between the carbonyl group on the ureido ring of
biotin and the single tyrosine (Tyr-33) in avidin. The activity
of the biotin binding sites in the microspherical avidin
(MCAYV) was checked after the sonochemical reaction, by
using the dye 4'-hydroxyazobezene-2-carboxylic acid
(HABA), as mentioned in reference [26]. HABA binds to
avidin and is removed by the addition of biotin. The binding
of HABA by avidin is accompanied by spectral changes that
can be observed by the naked eye when the color changes
from yellow to red. This biotin-binding assay was used to
prove the MCAV binding capabilities to biotin. This was
part of a general approach to check whether the microspher-
ical protein remains with the same biological activity as the
native protein. Neither a change of color, nor the appear-
ance of an absorption peak at 500 nm, characteristic of the
presence of the avidin-HABA complex, were detected. To
find whether avidin microspheres bind biotin, a more sensi-
tive method using a biotin-labeled peroxidase®?”! was em-
ployed. This labeled biotin is known to bind avidin and to
undergo a color change (transparent to blue), which is easily
detected by the naked eye. As mentioned above, this experi-
ment yielded positive results, namely, indicating that MCAV
binds biotin. The peroxidase can be attached to avidin mi-
crospheres only through the biotin residue. This measure-
ment is the first proof that avidin microspheres can bind
biotin. Another proof of this conclusion is obtained by using
the TPD (temperature-programmed desorption) technique
coupled with mass spectrometry (MS). In this method, the
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sample is heated in a mass spectrometer and the species re-
moved from a sample are detected by MS as a function of
temperature. Avidin microspheres, which were first treated
with biotin,” were heated in the MS over a temperature
range of 25-400°C at a rate of 10°Cmin~". For comparison,
a control experiment with avidin microspheres only was also
performed. In Figure 1, the MS of the avidin-microsphere—
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Figure 1. Mass spectrometry (MS) analysis of the avidin microspheres
treated with biotin, at 160°C.

biotin complex at 160°C is presented. Strong peaks at m/z
321 and 338 were detected. The peak at an atomic mass unit
(amu) of 321 can be assigned to a residue containing a
biotin molecule bound to a phenyl group. The second peak
at 338 was attributed to the addition of an ammonia mole-
cule bound to the former species, because these experiments
were conducted under a flow of ammonia. When identical
measurements was carried out at 300°C, the MS of the
avidin-microsphere-biotin complex yielded a strong peak at
m/z 245, which was attributed to (biotin)H™. These results
show that at a lower temperature (160°C), the fragmenta-
tion occurred in the skeleton of the microspheres and the
origin of phenyl group was in the avidin. On the other hand,
a much higher temperature (300°C) is required to break the
bond between the PM of avidin and biotin. These results in-
dicate clearly that despite the negative results obtained by
the HABA test, the microspherical avidin binds biotin. To
further substantiate this conclusion, and to provide some
quantitative measure as to the amount of biotin bonded to
the avidin microspheres, TGA (thermal gravimetric analy-
sis) experiments were conducted. In Figure 2 the TGA re-
sults of the microspherical avidin-biotin complex are illus-
trated; the TGA of the corresponding native avidin-biotin
complex is also shown. The samples were heated under a
flow of N,, while the heating rate was 10°Cmin~!. A weight
loss of 50% was measured in the 30-500°C temperature
range for the avidin-microsphere-biotin complex, while a
weight loss of 70% was detected for the native avidin—
biotin complex. There is no doubt that biotin is bound to
avidin in both cases. Moreover, since in both cases the
weight loss starts at 240 °C, the major part of weight loss can
be attributed to biotin and not to the solvents. It can there-
fore be concluded that biotin is bonded to the avidin micro-
spheres. The dissociation temperature in both figures is also
informative. It is known that hydrogen bonds play a major
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Figure 2. TGA analysis of the native avidin (top) and avidin micro-
spheres (bottom) treated with biotin. Heating rate was 10°Cmin~' under
a flow of N,.

role in the binding of biotin to native avidin. The shape of
the TGA curves, and the temperature at which the weight
loss is detected, are almost identical for native avidin and
microspherical avidin bound to biotin. This result indicates
that the same binding scheme operates for native and micro-
spherical-avidin-biotin complexes.

In a second study related also to the biological activity of
PMs, Avivi® formed microspheres of a-amylase (1,4-0-D-
glucanohydrolase, endoamylase), a protein known to hydro-
lyze starch, glycogen, and related polysaccharides by ran-
domly cleaving the internal o-1,4-glucosidic linkages.”! Mi-
crospheres of a-amylase were compared for their catalytic
activity with those of the native protein.

To find the activity of a-amylase microspheres, the re-
duced sugar released during the reaction with starch as the
substrate was measured. After a 3 min, it was found that
when using native amylase as the enzyme 0.245 g of maltose
was released, compared to the release of only 0.12 g when a
suspension of microspheres was used. Hence, the activity of
amylase microspheres after 3 min is only 50 % compared to
native amylase. However, after 1 h 0.48 g of maltose was re-
leased when using the native amylase, and 0.34 g of maltose
was detected when using the solution containing amylase
microspheres. In this case the activity of amylase micro-
spheres after 1h is 70% compared to the native amylase.
The enzymatic activity of this solution was also measured at
10, 20, 30, 40 and 50 min. Figure 3 depicts graphs of released
maltose versus reaction time for two samples of amylase mi-
crospheres prepared from two different concentrations of
the protein. A linear relation of the maltose released versus
time is obtained for the as-prepared microspheres. Zero-
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0.017 % w/v of amylase).

order kinetics is obtained, indicating that the concentration
of the enzyme is limited, and hence, the product formation
depends only on K, (K, is the rate at which the enzyme-
substrate complex falls apart). This linear relationship is
also reported for the release of maltose due to the activity
of the same amount of native amylase on a similar amount
of starch.’! This comparison assumes that the measured mi-
crosphere suspension contains only amylase microspheres.
However, perhaps not only the amylase microspheres are re-
sponsible for the high measured activity, but that some free
amylase that did not undergo microsphere formation con-
tributes as well. To assess the activity contributed solely by
the microspheres, they were separated from the suspension
by filtration. The determination of the enzymatic activity of
the separated solution was done according to the same
method. After 3 min, it was found that this solution yielded
0.0743 g of maltose, which is about 30% relative to the
native amylase. For comparison after 1 h, a concentration of
0.151 g of maltose was detected, which is about 31 % rela-
tive to the native amylase. This measured activity is due to
the unreacted amylase that was left as the native enzyme
after the sonication. These results indicate that the catalytic
activity of the microsphere suspension is a sum of the activi-
ties of amylase microspheres and of native amylase. Assum-
ing a complete separation between the microspheres and
the rest of the solution, the results can be summarized as
follows: a sample that produced 0.245g maltose (after
3 min) yielded only 0.12 g maltose after sonication. Of the
0.12 g, 0.0743 g were produced as a result of the activity of
the residues of unreacted native amylase; the remainder,
0.0457 g, is due to the enzymatic activity of the micro-
spheres. These results show that 30% of the amylase re-
mained unreacted and 70% were converted into micro-
spheres. The enzymatic activity of these 70 % corresponds to
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19% of that of the native enzyme. Therefore, if it is as-
sumed that the comparison between the native and the mi-
crospherical protein should be made using equal amounts of
enzyme, then the enzymatic activity of the microspheres
amounts to 27 % of that of the native amylase. The corre-
sponding numbers after 1 h show again that only 31% of
the enzyme remains unreacted. On the other hand, the cata-
lytic activity of the microspheres is much higher and it
reaches 56 % of the native protein when equal masses are
compared. This result indicates that the catalytic activity of
the enzymatic microspheres is considerably slowed down
relative to the native enzyme. The reduced activity is ac-
counted for by arguing that some active sites of the enzyme
might be buried inside the shell of the microspheres (the
thickness is about 30 nm)!" and are therefore inactive.
However, it is possible that some soluble enzyme was
locked in the center of the microsphere (in the organic
media), and if this is the case, the activity will not increase.
It is believed that if the enzyme is encapsulated inside the
microsphere it will not penetrate through the shell of the
microsphere, at least not within a few minutes. Hence, it will
not react during the short measurement time. The rate at
which the enzyme microspheres react is therefore a lower
limit for its total activity. There is no question, however,
that the microspheres are catalytically active, and that the
microsphere formation process, unlike denaturation, does
not destroy the active sites of the enzymes. However, it
seems that approaching the active sites by the reactants be-
comes more difficult, and it causes the slow down of the re-
action; part of the reactive sites cannot be reached at all.

In this study, a comparison of the enzymatic activities is
always compared with a 3 and 60 min reaction time. This is
done following the routine found in the literature.” 21 An-
other possible explanation that might contribute or interpret
the catalytic activity of the microspheres is as follows: it is
possible that native amylase adsorbed on the surface of the
microsphere causes the catalytic activity. To probe whether
this hypothesis is a viable explanation, the sonicated solu-
tion was placed in a dialysis bag. The pore size of the dialy-
sis membrane was 100 nm. The microspheres were repeated-
ly washed with distilled water to guarantee that all the
native amylase escapes the bag into the pure water. After
48 h of rinsing, the enzymatic reaction was repeated and no
reduction in the catalytic power was observed. This ascer-
tains that the reaction progresses is through the active sites
on the microspheres and is not due to the native enzyme.

The enzymatic activity was also measured for a less ther-
mostable enzyme. a-Chymotrypsin microspheres were pre-
pared by using the same sonochemical method as reported
above, except that in this case an ice bath was used during
the sonication. a-Chymotrypsin preferentially splits peptide
bonds near hydrophobic residues. In addition, chymotrypsin
catalyzes the hydrolysis of ester and amide bonds of aromat-
ic amino acids, as well as proteins and peptides. The enzy-
matic activity of a-chymotrypsin microspheres was assayed
by measuring the increase in the absorbance at 256 nm. This
is the wavelength at which the hydrolysis products of benzo-
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yl-L-tyrosine ethyl ester (BTEE) absorb. The enzymatic ac-
tivity was compared with that of the native a-chymotrypsin.
After 1 min the enzymatic activity of the a-chymotrypsin
microspheres was 51 % of that of the native protein, while
over a longer reaction time (10 min) it reached 65% of the
activity of the native protein. From those results it was con-
cluded that using the sonochemical method for the prepara-
tion of enzyme microspheres is a very useful and easy
method that does not destroy the enzymatic activity. In this
research, it was demonstrated that the sonication leading to
the modification into microspheres of two enzymes, amylase
and a-chymotrypsin, is not a denaturation process. The PMs
are catalytically active, but their reactivity is reduced as
compared to the native protein.

Encapsulating a Drug in a Proteinaceous
Microsphere

The creation of the microbubbles is a short process that
lasts a few minutes. In Gedanken’s laboratory the process
was stopped after 3 min. It was demonstrated that if during
this period a drug is found in the precursor mixture, it will
be encapsulated in the PM. Tetracycline (TTCL) was suc-
cessfully encapsulated in BSA microspheres.®® TTCL is an
antibiotic drug with a broad spectrum of activity, is a rela-
tively safe drug that can be used by many routes of adminis-
tration, and is widely used. The encapsulation was achieved
in a one-step, 3 min, sonochemical process, starting with the
native BSA protein and TTCL. The product was analyzed
and characterized by scanning electron microscopy (SEM)
and dynamic light scattering (DLS) measurements. The
amount of TTCL loaded in the microspheres was also deter-
mined.

TTCL loaded in BSA microspheres was prepared by
using the sonochemical method.’ Mesitylene (97% Al-
drich, 20 mL) was layered over of an aqueous BSA solution
(albumin, bovine fraction v, o, 30 mL, 5% w/v). A separa-
tion flask was used to separate the product from the mother
solution. The separation was accomplished within a few mi-
nutes due to the lower density of the microspheres relative
to water. We waited 24 h to ensure a complete phase separa-
tion. The preparation of TTCL-loaded microspheres was re-
peated by using a different concentration of the drug in the
precursor solution. The amount of TTCL loaded in the mi-
crospheres was determined by subtracting the amount of the
drug in the residual microsphere phase (the lower phase in
the separation flask) from its total amount in the precursor
solution. The sonochemistry did not destroy the TTCL, as
evidenced by the very small changes in the TTCL concen-
tration (less than 5%) that occur during sonication in the
absence of BSA. No residue of TTCL was found in the
excess mesitylene (the upper phase). The amount of TTCL
loaded was assayed by using a Cary 100 spectrophotometer
at 350 nm, and the actual values were calculated based on a
calibration graph. The concentration of TTCL was comput-
ed in water in grams per 30cm™ of a liquid solution.[*
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The TTCL loading studies showed that the maximum
TTCL loading capacity was found to be 65 %. The percent-
age of the loaded drug in the BSA microspheres increased
with the increase in the concentration of the TTCL in the
original solution (Figure 4). However, this behavior changed

80
60
40

20

percent loaded

T 1

0 0.02 0.04 0.06 0.08 0.1
Amount added in formulation (g)

Figure 4. The amount of TTCL (%) that was encapsulated in BSA micro-
spheres.

when the concentration of TTCL reached 3.6x107m. At
this concentration saturation is obtained, and the percentage
of the drug in the microsphere does not grow with an in-
crease of its concentration in the precursor solution. The in-
crease in the amount of TTCL that was loaded in the micro-
spheres can be explained by understanding the sonochemi-
cal method. The microspheres are formed by chemically
cross-linking cysteine residues of the protein with an HO,
radical formed around a micron-sized gas bubble or a non-
aqueous droplet. The TTCL is hardly dissolved in the mesi-
tylene. However it was found that TTCL partially dissolves
in mesitylene after the sonochemical reaction. These results
were found when applying the sonochemical reaction to a
liquid solution that does not contain BSA. In this experi-
ment, TTCL was found in the excess mesitylene. (The mini-
mum ratio of the TTCL concentration in the residue aque-
ous phase and in the excess mesitylene phase was 22:1). The
droplet of the solution trapped upon the collapse of the
bubble encapsulates the mesitylene and the TTCL mole-
cules. The higher the TTCL concentration in the solution,
the higher the amount of TTCL loaded in the microspheres,
until it reaches maximum. However, since the solubility of
TTCL in mesitylene is limited, saturation is obtained when
this limit is reached. The saturation reached at a certain per-
centage of entrapped TTCL is due to molecules of TTCL
leaving the microspheres through the walls, and the equilib-
rium that is attained between leaving and entering the mole-
cules.

An additional investigation was carried out to find wheth-
er the measured amount of tetracycline is due to molecules
adsorbed on the outer surface of the sphere or due to the
TTCL molecules encapsulated inside the microspheres. The
first experiment involved heating (50°C) the as-prepared so-
lution in a separation flask for 5h. TTCL that is adsorbed
on the surface of the microspheres is known to dissolve in
hot water. After a complete separation, the amount of
TTCL in the residue phase (water) was measured. The aver-
age of a few experiments yielded 4% of TTCL adsorbed on
the surface of the microspheres. The second experiment was
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carried out by measuring the absorbance of a sample of
TTCL microspheres before and after washing with ethyl
acetate/diethyl ether (6:4). The results yielded a value of 1-
3% of TTCL adsorbed on the microsphere surface. The dif-
ferences between the results of these two experiments can
be explained by assuming that even during gentle heating
(the first experiment), some microspheres can be destroyed.
Nevertheless, these results indicate that most of the TTCL
molecules are found inside the microspheres, and only a
very small amount on its surface. The high capacity of the
microspheres, produced by the sonochemical method, can
be used in the future for antibiotic treatment.

The antimicrobial activity of the TTCL loaded in BSA
microspheres was tested on two bacterial strains that are
sensitive to TTCL. One strain, Staphylococcus aureus, repre-
sents the gram-positive bacteria and the other, Escherichia
coli, represents the gram-negative bacteria. Each of the
strains was spread on nutrient agar plates and 20 pL of the
tested samples were put on seeded plates. Microspheres
loaded with TTCL show an inhibition zone around both
bacteria of 30 mm." This inhibition zone was almost equal
to the inhibition zones obtained by the TTCL that was freed
from the microspheres by increasing the temperature or the
zone of freshly prepared TTCL at the same concentration
(30 pg). A TTCL disk that also contains 30 pg of the antibi-
otic was used in clinical diagnostics and showed the same in-
hibition zone. It seems that the TTCL trapped within the
microsphere and released to the medium is equally active as
the TTCL freed from the microspheres by heating. Both so-
nochemically treated TTCLs are active as antimicrobial
agents to the same degree as TTCL that was not sonochemi-
cally treated.

In another study, PMs of BSA containing an anticancer
drug (Taxol) were fabricated and characterized.”¥ It was
found that in the sonochemical reaction the drug did not de-
compose and was encapsulated inside the BSA micro-
spheres. Anticancer activity of the PMs encapsulating the
Taxol was tested on multiple myelonoma cells. That means
that when compared to the tetracycline study,®® the drug
cannot only be encapsulated in the microsphere, but can
also be released and kill the desired cells. Taxol has been ap-
proved by the FDA for the treatment of ovarian cancer,
breast cancer, nonsmall cell lung carcinomas, and Kaposi’s
sarcoma.

The three starting materials that were used for the prepa-
ration of PMs containing the anticancer drug were: 1) A
Taxol (Paclitaxel) injection (6 mgmL ™!, Mead Johnson, On-
cology Products); 2) a 5% w/v aqueous solution of BSA
(96-99% Aldrich); and 3) mesytilene (98% Fluka). The
amount of Taxol in all reactions was varied from 5-300 pL.
The volumes of the 5% (w/v) BSA solution and of mesyti-
lene were kept constant (30 and 20 mL, respectively). The
Taxol was added to mesitylene and the solution was layered
over a BSA solution. The volumes of the 5% (w/v) BSA so-
lution and of mesytilene were kept constant (30 and 20 mL,
respectively). The Taxol was added to mesitylene and the
solution was layered over a BSA solution. The amount of
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Taxol loaded into the microspheres was determined by using
reversed-phase, high-performance liquid chromatography
(RP-HPLC), and the actual values were calculated from a
calibration graph. HPLC analyses were carried out using a
LiChrospher 100 RP-18 column (250x4.6 mm i.d.; 5 um)
under isocratic conditions with acetonitrile/water (55:45,
v/v) at a flow rate of 1 mLmin™". Spectral data from the UV
detector were collected at 227 nm. The calibration graph
was constructed by dissolving known amounts of Taxol in
methanol. The anticancer activity of the BSA microspheres
containing Taxol was tested on multiple myeloma -cells
(cancer cells). Different amounts of microspheres containing
Taxol (5-30 uL) were added to suspensions of these cells.
After a 24 h incubation at 37°C, the cells were analyzed by
using visible-light microscopy and a fluorescence-activated
cell sorter (FACS).

A wide distribution of the BSA-Taxol microbubbles was
measured ranging between 300 and 2500 nm, falling more
sharply between 800 and 1500 nm.B* Different concentra-
tions of the drug in the precursor solution were used in
order to synthesize PMs containing various amounts of
Taxol. When the amount of Taxol dissolved in the organic
solvent was in the range of 100-300 pL, no PMs were pro-
duced. Taxol-loaded microspheres were prepared and sepa-
rated successfully only when the volume of Taxol added to
the mesytilene was in the range of 5-100 pL. The concentra-
tion of Taxol encapsulated inside the microspheres or ad-
sorbed on the outer surface of the microsphere was deter-
mined by subtracting the concentration of the drug in the
residual microsphere phase (the upper phase in the separa-
tion flask) from its initial concentration in the precursor so-
lution. No residue of Taxol was found in the aqueous phase.

The results of the Taxol loading are summarized in
Figure 5. This graph shows the relationship between the ini-
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Figure 5. The amount of Taxol (%) encapsulated in BSA microspheres.

tial concentration of Taxol in solution and the amount of
the drug that was encapsulated in the microspheres. The per-
centage of the encapsulated drug in the BSA microspheres
increased with the increase in the concentration of Taxol in
the initial solution. The maximum loading capacity of Taxol
was found to be above 90 %.

The anticancer activity of the BSA microspheres loaded
with Taxol was tested on multiple myeloma (cancer cells).
Different amounts of microspheres containing Taxol (5-
30 uL) were added to suspensions of these cells. After a 24 h
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incubation at 37°C, the samples were analyzed by using visi-
ble-light microscopy and an FACS. The range of Taxol con-
centration in the microspheres that were tested was between
8x107"m and 3.49 x 10> m. The Taxol was freed from the mi-
crospheres due to the presence of proteases in the medium.
The cancer cells that were treated with Taxol-loaded BSA
microspheres were first tested under visible-light microsco-
py, and the number of dead cells was counted by using
trypan-blue staining. When the Taxol concentration in the
BSA microspheres was in the 1.5x1075-3.49x 10~ M range, a
total killing of the cancer cells was achieved. All the results
in Table 1 were measured when the concentration of the

Table 1. Number of dead cancer cells observed after treatment with dif-
ferent amounts of Taxol loaded in BSA microspheres.

Type of treatment % of dead cells

5 uL of Taxol-loaded microspheres 27
(c Taxol inside =1.3x10"°m)
10 pL of Taxol-loaded microspheres 52
(c Taxol inside =1.3x 10 °m)
20 pL of Taxol-loaded microspheres 78
(c Taxol inside =1.3x 10 m)
5 uL of Taxol (¢ =1.3¥10"°m) 21

drug inside the microsphere was 1.3x10°m. It can be seen
that the number of dead cells measured after the micro-
sphere treatment was almost equal to the number of dead
cells counted after using the same concentration of freshly
prepared Taxol. The same behavior (equal killing by micro-
spheres and pristine Taxol) was observed when the concen-
tration of the drug inside the microsphere was between 8 x
107"m to 1.5x107°m. It is important to point out that in all
cases a higher Taxol concentration in the BSA microspheres
always led to a higher percentage of dead cells in the tissue
culture.

Taxol inhibits cell division at the G,—M interface, so that
after treatment with the drug one expects to see an increase
in the number of cells in the G,—M phase and in the apop-
totic cell population when the increase in the G,—M is more
evident than the increase in the number of dead cells. The
purpose of the second examination of the anticancer investi-
gation was to test whether Taxol loaded in the microsphere
acts in the same manner as the original native Taxol. There-
fore, after the cancer cells were treated with microspheres,
they were examined by an FACS, which performs a cell-
cycle distribution and counts the number of cells in each
phase of the cell cycle. The results are summarized in
Table 2. It can be shown that after treatment with micro-
spheres there is an increase in the apoptotic cells, which is
greater than the increase in the G,-M phase of the cell
cycle.

An additional step was carried out to determine whether
Taxol in combination with mesytilene, or only mesytilene,
causes the death of cancer cells. In this experiment three
samples of Taxol-loaded microspheres with different drug
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Table 2. Number of cells in the G,-M phase and in the apoptotic phase observed after treatment with different amounts of Taxol loaded in BSA micro-

spheres.

Type of cells

Cells in the G,-M phase [%] Dead cells (apoptosis) [%]

cancer cells before treatment
cancer cells after treatment with original Taxol (c=5x10""m)
cancer cells after treatment with microspheres (¢ Taxol inside =5x 10~°m)

22 6
45 23
15 38

concentrations were tested. It was found that the increase in
the amount of Taxol in the microspheres leads to an in-
crease in the number of cells in the G,—M and apoptotic
phases. This experiment shows clearly that the Taxol has an
additional killing effect beyond the mesytilene activity.

Makino et al. were interested in the release of a drug
from the PM and their model compound was Sudan III,
which was dissolved in chloroform and was loaded into mi-
crocapsules with membranes composed of BSA.! The per-
meability of Sudan III through the microcapsule membrane
to chloroform was examined as a function of a Sudan III
concentration in the microcapsule core, as well as the tem-
perature. The release of Sudan III from microcapsules to a
sodium lauryl sulfate (SLS) solution was studied. The con-
centration of Sudan III was measured spectrophotometrical-
ly at 500 nm. In distilled water, the released amount increas-
es in the initial 100 h, and then remains at an almost con-
stant value. In a 0.5% (w/v) SLS solution, Sudan III is re-
leased slowly between 24 and 150 h, after a faster release
observed in the initial 24 h. After 150 h, the release rate in-
creases until 200 h, and then becomes almost zero. In a 1%
(w/v) SLS solution, the release rate is low in the initial 60 h,
becoming high between 60 and 80 h, and then almost zero
after 100 h.

The membrane permeability of Sudan III was evaluated
at 25, 30, and 37°C in chloroform. A lag phase was observed
in the time course of the permeation, the length of which
was temperature-dependent. It was found that the length of
the lag phase was explained by the activation energy. The
Arrhenius plot of the reciprocal of the lag time suggests that
the existence of the lag phase is associated with activation
energy, which was was evaluated to be 60 kI mol .

Controlling the Size of Proteinaceous
Microspheres, Yield of Microsphere Formation,
and Coating Its Surface

The question of whether smaller PM can be obtained was
addressed by Makino and co-workers.*® They have checked
the effect of a few variables on the yield of the BSA micro-
spheres. In addition, they also monitored the effect of a few
parameters on the size of the microspheres. They varied the
following parameters: 1) effects of BSA concentration; 2)
effects of toluene volume fraction in the mixture of toluene
and BSA solution; 3) effects of acoustic frequency and irra-
diation time period; and 4) effects of the kind of the core
(toluene, chloroform, peanut oil, or soybean oil) materials.
They studied the effect of all four parameters on the yield
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of PM formation. In addition, they investigated the effect of
third and fourth points on the size distribution.

They found that as the concentration of bovine serum al-
bumin increases from 0.005 to 0.02% (w/v), the micro en-
capsulation yield increases. These measurements were con-
ducted by adding toluene (1 mL) to an aqueous solution of
BSA (10 mL) with various concentrations ranging from
0.001 to 5% (w/w). After the microencapsulation process,
the remaining volume of oil not encapsulated in the BSA
microcapsules, was measured, after which the yield of micro-
capsules was calculated. They reached the maximum yield
of 85% at a (w/v) concentration of 1%. In fact from 0.02—
1% only small changes in the yield were observed. At con-
centrations below 0.02% (w/v), drastic changes in the micro-
sphere formation yield were measured. They interpreted the
results as originating from the diluted solution, in which the
frequency of the collision of BSA molecules is low and the
density of the microcapsule membrane seems to be low,
which in turn decreases the microsphere formation yield.

The influence of the toluene volume fraction on the mi-
crosphere formation yield becomes remarkable only above a
value of 0.4; up to this value it is constant at a level of
~80% yield. The microsphere formation yield decreases
when the volume fraction of toluene becomes higher than
0.4. In addition, when the volume fraction of toluene is over
0.8, the phase inversion from o/w emulsion to w/o emulsion
is clearly observed.

In Figure 6, the microsphere formation yield was plotted
as a function of irradiation period and acoustic frequency.
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Figure 6. Effects of acoustic frequency and irradiation time period upon
microencapsulation yield. Acoustic frequency was 28 o and 45 kHz e.
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The microsphere formation yield was higher at 28 than at
45 kHz, and no microcapsule was obtained at 100 kHz. As
the irradiation time period increases, the microencapsulation
yield increases at 45 kHz, but then remains almost constant
after 5 min. Also, the dependence of the microencapsulation
yield upon the irradiation time period was more clearly ob-
served at 45 kHz than at 28 kHz, since at 28 kHz, the micro-
encapsulation yield reaches almost 80 % within 30 s.

Size dependence: Microcapsules with narrower size distribu-
tions have been obtained at 45 rather than at 28 kHz."! In
addition, the volume-averaged diameter of the microcap-
sules is larger at 28 than at 45 kHz. The diameter of each
kind microcapsule is about 3.81 and 2.66 pm, respectively.
The authors also studied the influence of the organic liquid
on the size distribution of the microspheres.* Using chloro-
form as the organic liquid resulted in capsules with an aver-
age diameter of 5.15 and 3.63 um at 28 and 45 kHz, respec-
tively. BSA microcapsules containing chloroform show a
wider size distribution and a larger average size than BSA
microcapsules containing toluene. Toluene is less miscible
with water than chloroform; hence, the interface between
toluene and water is much clearer than that between chloro-
form and water. Such a difference of solubility of two organ-
ic solvents to water may make the size distribution of micro-
capsules containing each organic solvent different. The size
distributions of BSA microcapsules containing soybean oil
and peanut oil were narrower than those obtained for tolu-
ene and chloroform. The volume-averaged diameters are
1.48 and 1.67 um, respectively. The authors concluded® that
smaller microcapsules are considered to be obtained when
the encapsulated organic solvent has a higher viscosity. They
did not provide an explanation for this observation.

Proteinaceous bubbles of 185 nm average diameter were
synthesized by a sonochemical treatment of bovine serum
albumin (BSA) in an aqueous solution.’”! In parallel, a solu-
tion of nanoparticles of TiO, was also made by ultrasonic ir-
radiation. To study the macroscopic flow behavior associat-
ed with the changes in the state of the microparticles, a flow
test of these solutions in microchannels was done. The au-
thors measured by a light scattering method the size distri-
butions of the proteinaceous bubbles in solution before and
after the flow test. The authors noted that the PM they ob-
tained were unusually small, about an order of magnitude
smaller than that in all the other reports. The flow results
show that the air-filled proteinaceous bubbles in solution
adjust their size to reduce the shear stress encountered in
the flow through the microchannel.

To reduce the microbubbles size to the nanometer range,
Avivi has investigated the influence of adding a surfactant
to the protein solution.”® Two proteins were examined,
BSA and o-amylase. The surfactants used in these experi-
ments were SDS (sodium dodecyl sulphate), CTAB (cetyltri-
methyl ammonium bromide), Oleic acid, Tween 40, and
Tween 80. The concentration of the BSA was 3% w/v, and
that of the a-amylase 0.0025 % wi/v. For all surfactants, a bi-
modal distribution was obtained. The distribution consisted
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of a major part of micron-sized microcapsules and only a
small percentage of proteinaceous nanobubbles. However,
the addition of Tween 80 had a dramatic effect on increasing
the percentages of the nanospheres, and with larger amounts
of this surfactant a situation was reached in which only
nanobubbles are obtained. The same effect was obtained for
the two proteins. For example, when 4 mL of the Tween 80
were used, all the amylase nanospheres were obtained in the
100-500 nm range; however, when 0.5 mL of the Tween 80
was added, 28 % of the spheres were in the range of 600-
1200 nm and 74 % in the 60-500 nm range. In general, small-
er nanospheres are obtained for amylase than for the BSA.
Whether it is due to the smaller concentration or not is still
under study.

The use of a surfactant in stabilizing polymeric micro-
spheres is well known.’”*! In a spherical structure the pres-
sure inside the sphere is directly proportional to its surface
tension and inversely proportional to its radius. The surfac-
tant, which is composed of hydrophobic and hydrophilic
ends, is organized around the sphere in a very specific way
that ultimately reduces the surface tension, and at the same
time, its radius.

Coating the PM surface: Magnetic PM,*! containing nano-
phased iron oxide, have recently been fabricated by combin-
ing the previous sonochemical synthesis of nanostructured
iron oxide*!! with Suslick’s sonochemical synthesis of pro-
teinaceous microspheres."'*2 Decane and iron pentacar-
bonyl Fe(CO)s (7.43x107*M) were layered over a 5% w/v
BSA solution. In parallel in a second experiment, the same
procedure was performed with an aqueous solution of iron
acetate, Fe(CH;CO,), 95% (sigma)? (7.66x 10°m)."! To de-
termine the amount and location of the Fe** ions, two ex-
periments were conducted. First, the Fe’* on the PM sur-
face was determined. A second experiment determining the
total amount of Fe** was performed after destroying the mi-
crospheres. The destruction of the microspheres happened
when they were gently heated while mixing them with a
magnetic stirrer for a few minutes, leading to a yellow ho-
mogeneous solution. After that the conventional method
with thiosulfate and potassium iodide was used for the quan-
titative analysis of Fe’*. Both determinations were per-
formed for BSA microspheres with iron pentacarbonyl and
for BSA microspheres with iron acetate. The concentration
of Fe*" ions on the surface was 7-9 % w/w for both samples.
The full weight of the microspheres (100%) included the
weight of the solvent encapsulated in the core of the sphere.
Following the above-mentioned process for the destruction
of the microspheres, the total concentration of Fe’* ions
was found to be 3942 %. This implies that the major parts
of the Fe** ions are trapped inside the spheres. The higher
concentration of the iron oxide in the sphere’s volume in
the iron acetate reaction can be rationalized. The Fe** ions
trapped inside the sphere are unaffected by the sonochemi-
cal process, and they are determined only by the original
concentration of the iron acetate solution. The number of
Fe** ions inside the sphere and on the surface was calculat-
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ed. A monolayer coverage of the surface was assumed, and
the area occupied by one Fe,O; molecule as 20 A?. These
calculations led to a ratio of 1.75:1 for the surface/inside
Fe’* ions. The measured ratio is 0.3:1, which indicates that
only one-sixth of the outer surface is covered by Fe,O; mol-
ecules. The size of the iron oxide nanoparticles was obtained
from TEM and SEM measurements. The major part of the
particles are in the 10-20 nm range; however, some aggrega-
tion is also observed and iron oxide particles of up to
200 nm can be identified. Detailed magnetic measurements
of the magnetic PM were carried out. They include mangne-
tization loops at various temperatures, isothermal magneti-
zation curves at various temperatures, and variation of the
magnetic moment with temperature under a low (38 Oe)
and high (10 kOe) magnetic fields. Based on the magnetic
data and Mossbauer spectroscopy measurements, the follow-
ing conclusions were reached

1) Preparing the PM with FeAc (acetates) produces a
higher percentage of large particles than when preparing
them with Fe(CO);.

2) The washing procedure (with HCI) affects the FeAc
sample much more than the Fe(CO)s, in the sense that
the small particles are predominantly washed away (not
so in Fe(CO)s).

3) A rough estimate of the spread in particle sizes in all
samples can be obtained from the 300 K Mossbauer
spectra, when compared with known size of Fe,O; small
particle spectra. The diameter of most particles is less
than 20 nm.

Selective targeting of protein microspheres to tumors, a
natural extension after the encapsulation of a drug in the
PM, was demonstrated. Recently, Suslick and co-workers*!
reported on a noncovalent, electrostatic layer-by-layer
(LBL) modification that successfully targets protein micro-
spheres to the integrin receptors that are over expressed in
several tumor types. The protein microspheres are core-shell
vesicles with a vegetable oil core and a BSA shell that is
made up of plates of cross-linked protein subunits, which
tile over the oil core like armadillo scales.*! These core-
shell microspheres are highly charged due to the numerous
ionizable groups present in the BSA shell. Under physiolog-
ical conditions, BSA typically has 185 counterions resulting
from both acidic and basic surface residues, with a net
charge of —17 at pH 7.* For a typical 2 um microsphere,
there are ~10° BSA molecules per shell. Thus, the protein
microspheres are sufficiently charged for the electrostatic
adhesion of polyelectrolytes onto their surface. Suslick has
found that these negatively charged vesicles are excellent
templates for LBL electrostatic adhesion. It was demon-
strated™ that PMs can be selectively targeted to human
tumor cells by using an LBL approach to modify their sur-
face with integrin-receptor-specific peptide ligands. Integrin
receptors are overexpressed in several tumor types, and the
RGD tripeptide motif has been used as a label for these
tumor cells and their vasculature. Suslick and co-workers!*!
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synthesized three different peptides with an RGD motif em-
bedded at the ends or in the middle of a highly positively
charged, polylysine sequence: at the amino terminus,
RGDKKKKKK; in the middle, KKKKRGDKKK; and at
the carboxy terminus, KKKKKKKRGD.*! The positively
charged lysine residues electrostatically secure the RGD
motif to the surface of the microspheres. The purified pep-
tides are then used in the LBL electrostatic adhesion to dec-
orate the surface of the protein microspheres. The success of
the adhesion was determined by measuring the ¢ potential
(i.e., net particle charge) of the microspheres before and
after adhesion of the peptides. The ¢ potential of the micro-
spheres varied from —54mV before modification to
+22 mV after peptide adhesion occurred. In a second ap-
proach taken by Suslick and co-workers,*’! the microspheres
were exposed first to the polycationic RGD-containing pep-
tides to reverse their surface charge, and then to silica col-
loids (=100 nm), which are negatively charged at pH 7.4
and do not adhere to native (i.e., negatively charged) BSA
microspheres. They determined the efficacy of the RGD-
modified microspheres in tumor targeting by using HT29
tumor cells, which are human colon tumor cells known to
overexpress integrin receptors, in vitro.

Microspheres Made of Proteins that Do Not
Contain Cysteine

The importance of cysteine and the formation of S—S bonds
in the creation of the PM was emphasized by Suslick from
the early stages of this field.l'! To probe whether the sono-
chemical microsphere formation process is more general
and can be applied to proteins that do not contain a thiol,
an attempt was made employing this method to streptavidin.
Streptavidin is a protein very similar to avidin, but is non-
glycosylated and devoid of any sulphur residues. Avivi has
extended™ the sonochemical method to this non-sulphur-
containing protein, strepavidin and demonstrated the forma-
tion of PMs. The microspheres are stable for many hours at
room temperature and for at least one month at 4°C. No
microspheres were obtained when the pH was kept at 7.
However, when the pH was lowered to 6.0 by adding con-
centrated HCI, microspheres were formed. It is very impor-
tant to note that adding a concentrated acid did not create
any local denaturation. To prove that the pH is important in
the formation of the PMs, they also conducted the reaction
under mild conditions using a buffer (pH 6) and obtained
the same microspheres. In Figure 7, a SEM image of the
streptavidin microspheres that were fabricated on the sono-
chemical reaction is presented. The morphology of the mi-
crospheres made of sterptavidin is very similar to that ob-
tained in previous studies. The size distribution of the micro-
spheres was measured by dynamic light scattering and the
average size was found to be 5 p.

The role of the acidic medium in a sonochemical mecha-
nism is explained as follows. Ultrasonic irradiation of liquids
is known to produce both emulsification™ and cavita-
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Figure 7. Scanning electron micrograph of streptavidin microspheres
(bar=5pm). The microspheres were prepared for SEM by secondary
cross-linking with glutaraldehyde and by coating with Au.

tion.!""1 Emulsification alone, however, is insufficient to
form long-lived microspheres. It was found that the micro-
spheres are held together by protein cross-linking through
disulphide linkages from cysteine oxidation.>'® However,
it is evident that this is not the mechanism for the formation
of strepravidin microspheres. According to the proposed ex-
planation, hydrophobic or thermal denaturation of the pro-
tein after the initial ultrasonic emulsification assists in mi-
crosphere formation. According to Lins and Brasseur,*” the
hydrophobic effect drives the molecules towards a more
condensed structure by decreasing the unfavorable contacts
between the hydrophobic residues and water molecules. A
minor contribution is provided by the lowering of the pH,
which helps to neutralize the basic COO™ edges, thus creat-
ing a more favorable hydrophobic environment. To check
whether this hypothesis is correct, a polyglutamic acid (o)
protein was sonicated. This protein carries only carboxyl
groups on the side chain. The concentration of the solution
was 5% wi/v, with all the other sonochemical parameters re-
maining unchanged. Microspheres of the polyglutamic acid
were formed only at a pH lower than 4.5. This pH is lower
than the pK, of the side group of this polymer (the pK, of
the side chain carboxyls of aspartic and glutamic acids is 4—
4.8). Thus it can be concluded that hydrophobic interactions,
which become more dominant in an acidic medium, are re-
sponsible for the production of the microspheres in a poly-
glutamic acid, as well as in streptavidin. Such hydrophobic
interactions are strong enough to produce microspheres that
are stable for at least one month.

The ability of streptavidin microspheres to bind biotin
was also checked, and compared to commercial native strep-
tavidin. It was found that streptavidin microspheres bind
about 50 % of the amount of biotin bound to the native pro-
tein. It was also found that the biological activity of pro-
teinaceous microspheres is reduced by 30-50%, as com-
pared with the native protein.
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Suslick and co-workers have prepared! a new class of
protein core-shell microspheres made with polyglutamic
acid, the size of which is sufficiently small to permit extrava-
sation (i.e., escape) from the blood pool, particularly in re-
gions with leaky vasculature, for example, tumors. In con-
trast to previous core-shell protein microspheres (generally
made from serum albumin), these sodium polyglutamate
(SPG) microspheres are not held together by covalent cross-
links, and yet they are extremely stable. A 5 wt% solution
of sodium poly(a,L-glutamate) (SPG) was layered with veg-
etable oil and then sonicated using a 2 mm diameter ultra-
sonic tip (20kHz, 50 Wem™, 3 min), which produces
spheres that are less than one micron in diameter. These mi-
crospheres are core-shell, as shown in the cross-sectional
TEM image. The thermal stability was tested, and the SPG
microspheres were stable for more than an hour even at
60°C.

The intermolecular interactions that might be responsible
for holding the SPG microspheres together include hydro-
gen bonding, van der Waals, hydrophobic, and electrostatic
interactions, all of which can be effected by changes in pH
and ionic strength. More specifically, the authors™®! believe
that the dominant interaction between the polymer chains
are a network of hydrogen bonds or ion pairs: [RCO2™--M*
--"O2CR] in which M*=H"* or Na™.

Applications of the Proteinaceous Microspheres

Some of the applications of PMs have already been men-
tioned and discussed throughout this review, in particular in
the chapter dealing with the encapsulation of drugs inside
the PM and the release of these drugs. It is, however, worth
mentioning some other applications. Suslick™! has fabricat-
ed PMs filled with nitroxides dissolved in an organic liquid
by using high intensity ultrasound methods; the PMs were
used to measure oxygen concentrations in living biological
systems. The microspheres have an average size of 2.5 pm,
and the proteinaceous shell is permeable to oxygen. Encap-
sulation of the nitroxides into the microsphere greatly in-
creased the sensitivity of the EPR-signal line width to
oxygen because of the higher solubility of oxygen in organic
solvents. The encapsulation also protected the nitroxide
from bioreduction. No decrease in the intensity of the EPR
signal was observed over a 70 min period after the intrave-
nous injection of the microspheres into a mouse. Measure-
ment of the changes in oxygen concentration in vivo by
means of the restriction of blood flow, anesthesia, and
change of oxygen content in the respired gas, were made
using these microspheres.

Suslick and co-workers have used PMs for increasing the
signal-to-noise ratio (SNR) of fluorine magnetic resonance
imaging and enabling new applications.””! They have devel-
oped a novel class of agents based on the protein encapsula-
tion of fluorocarbons. Microspheres formed by high-intensi-
ty ultrasound have a gaussian size distribution with an aver-
age diameter of 2.5 um. As with conventional emulsions,
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these microspheres target the reticuloendothelial system.
However, the sonochemically produced microspheres, which
leads to a high encapsulation efficiency, show increases in
the SNR of up to 300% compared to commercially avail-
able emulsions. They have demonstrated an increase in the
circulation lifetime of the microspheres within the blood-
stream by more than 80-fold with a chemical modification
of the outer surface of the microsphere. Finally, by encapsu-
lating mixtures of fluorocarbons that undergo solid/liquid
phase transitions, they have mapped the temperature in the
reticuloendothelial system, with signal changes of approxi-
mately 20-fold over a 5°C range.

They proposed that PMs might have a wide range of bio-
medical applications, including their use as echo contrast
agents for sonography, magnetic resonance imaging contrast
enhancement, and oxygen or drug delivery

More recently Lee et al. characterized and demonstrat-
ed® a new class of optical contrast agents suitable for re-
flection- or scattering-based optical imaging techniques,
namely, OCT (optical coherence tomography), but that also
includes light and reflectance confocal microscopy. These
agents are biocompatible, are suitable for in vivo use, and
produce an enhanced backscatter that is detectable in highly
scattering tissue. These agents may be tailored to adhere to
specific molecules, cells, or tissue types, and thus provide ad-
ditional selectivity that can enhance the utility of OCT as an
emerging diagnostic technique. OCT is capable of cellular-
resolution imaging and may ultimately have a role in the
early diagnosis of human malignancies. The authors have en-
gineered optical contrast agents that are microspheres 0.2—
15 um in diameter with an approximately 50 nm-thick pro-
tein shell. The microspheres are designed to incorporate in
their shells, and encapsulate in their cores, a wide range of
nanoparticles and materials that alter the local optical prop-
erties of tissue. The protein shell was also functionalized to
target the agents to specific regions of interest. The authors
have sonicated a 5% weight per volume solution of BSA
and a solution containing the material to be incorporated
into the shell or encapsulated in the core. They have mea-
sured the optical properties of gold-, melanin-, and carbon-
shelled contrast agents and demonstrated the enhancement
of optical coherence tomography imaging after the intrave-
nous injection of such an agent into a mouse.

Miscellaneous

In this chapter we plan to present and discuss some publica-
tions related to PMs, but that do not fit the sub-sections of
the current review.

Shiomi and co-workers®™ have fabricated hollow spherical
particles with protein/silica-hybrid shell structures. The syn-
thesis was based on a combination of the catalytic activity of
the protein and sonochemical treatment. The reaction start-
ed with lysozyme powder derived from egg whites, which is
put into a 0.05M glycine buffer at given concentrations. The
lysozyme solution was brought to pH 9 by the addition of
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5N NaOH, after which TEOS (tetraethoxysilane, 1 mL) was
added. The mixture was immediately stirred or sonicated for
15 min. The resultant solutions were dispensed onto a poly-
styrene plate and dried at 60°C for 24 h, after which a white
powder was obtained. The granular spherical particles ob-
tained at the end of the reaction have a diameter of 250-
1000 nm. No spherical particles were observed without lyso-
zyme in the reacting solution, suggesting that the biomimetic
patterning of silica can be catalyzed by lysozyme. When
sonication treatment was applied to the lysozyme-TEOS
mixture, hollow spherical particles were observed.

In short, the authors demonstrated that the morphologies
of the particles can be controlled by altering reaction condi-
tions (stirring or sonication) or by changing lysozyme con-
centrations. Furthermore, the method needs no process to
remove the template, which is inevitable in other protocols
used to obtain hollow silica particles. The authors claim that
the method for the formation of inorganic—organic hybrids
induced by biopolymers, as described herein, sheds light on
the controlled formation of silica structures and goes some
way to the creation of advanced materials.

Another group that have sonicated a range of structurally
diverse proteins have observed the formation of aggregates
that have similarities to amyloid aggregates.”® The forma-
tion of amyloid is associated with, and has been implicated
in, causing of a wide range of protein conformational disor-
ders including Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, and prion diseases. The aggregates
cause large enhancements in the fluorescence of the dye
thioflavin T. Ultrastructural analysis by electron microscopy
reveals a range of morphologies for the sonication-induced
aggregates, including fibrils with diameters of 5-20 nm. The
addition of preformed aggregates to unsonicated protein sol-
utions results in the accelerated and enhanced formation of
additional aggregates upon heating. The dye-binding and
structural characteristics, as well as the ability of the sonica-
tion-induced aggregates to seed the formation of new aggre-
gates, are all similar to the properties of amyloid.

High-intensity ultrasonic irradiation of aqueous solutions
of Ca(H,PO,), and Ca(OH), in the presence of BSA has led
to the formation of calcium phosphate/albumin colloidal
particles.’ The effect of the concentration of BSA (2-
5gL™") properties of the colloidal particles was studied at
constant temperature. The formation mechanism of CaP/
BSA colloidal particles seems to be similar to the mecha-
nism of the sonochemical formation of albumin and haemo-
globin microspheres .!! According to this mechanism, the
nanospheres are held together by disulfide bonds between
protein cysteine residues; HO, radicals, sonochemically pro-
duced by acoustic cavitation, act as the cross-linking agent.
This chemical cross-linking is responsible for the formation
of the netlike morphology of CaP/BSA colloidal particles.
The particle size was dependent on the concentration of the
BSA. For 4gL™' of BSA, the average particle size was
87 nm and the distribution width was 98 nm. The average &
potential of the CaP/BSA particles was —25.5 mV, and it
was only slightly affected by the concentration of BSA.
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Finally, Zhong and associates studied the effects of ultra-
sound and additives on the function and structure of tryp-
sin.®® They tried to investigate the effects of ultrasound
power and duration of irradiation on the function and struc-
ture of trypsin, and the reason for protein denaturation
when it was irradiated by 20 kHz ultrasound. The damage to
the molecular structure of trypsin was detected through a
combination of high-performance liquid chromatography
and electrospray ionization mass spectrometry (HPLC-ESI-
MS). The results showed that the activity of trypsin de-
creased with increasing ultrasound power from 100 to
500 W, or with extended the irradiation time from 1 to
20 min. This effect could be enhanced by aerating the solu-
tion for 10 min at 300 W. Fragments of trypsin were detected
in the treatment (300 W, 10 min) by HPLC-ESI-MS. The ad-
ditives Tween 80 and mannitol could protect trypsin against
the inactivation caused by ultrasound. The reason for this in-
activation was partly from the alteration of the molecular
conformation and partly from the modification or damage
to the trypsin’s molecular structure.
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