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( )In recent years, the supercritical antisol®ent SAS precipitation technique has emerged
as a promising method for the formation of fine particles. Despite its numerous ad®an-
tages, this technique still cannot be used to produce particles in the sub-micron range
( )� 300 nm for many ‘‘soft’’ materials. A significantly impro®ed SAS process can pro-
duce particles of controllable size, up to an order of magnitude smaller than those of the
con®entional SAS process, with a narrower size distribution. Like the con®entional SAS
technique, this new supercritical antisol®ent with enhanced mass transfer technique uti-
lizes supercritical carbon dioxide as the antisol®ent, but the solution jet is deflected by a
surface ®ibrating at an ultrasonic frequency atomizing the jet into much smaller droplets.
Furthermore, the ultrasound field generated by the ®ibrating surface enhances mass
transfer and pre®ents agglomeration through increased mixing. The particle size is con-
trolled by ®arying the ®ibration intensity of the deflecting surface, which then can be
adjusted by changing the power supplied to the attached ultrasound transducer. It is
demonstrated by the formation of lysozyme nanoparticles and microparticles. The bio-
logical acti®ity of the protein is retained during the processing.

Introduction
The application of supercritical fluids in the area of mate-

rials processing offers considerable promise as a means for
the production of particulate biological materials, such as
proteins, for use in advanced drug delivery systems. New par-
ticle technologies based on SAS precipitation provide protein

Žparticles with sizes ranging from 1�10 �m Yeo et al., 1993;
.Winters et al., 1996 . The major merits of these processes

include: production of organic-solvent free particles, mild op-
erating temperatures for processing biological materials, and
easier micro-encapsulation of drugs for controlled release of
the therapeutic agents. Unfortunately, none of these tech-
niques can produce small protein particles in the sub-micron

Ž .range �300 nm having a very narrow size distribution. In-
teresting properties of the particles might be observed at
smaller sizes, and it is therefore important to explore possi-
ble improvements that can be employed in the current meth-

Ž .ods for producing nanoparticles Siegel, 1993 .
In recent years, new and complex drugs such as proteins

and peptides have become readily available through genetic
engineering. The delivery of these drugs is often more com-

Ž .plicated than that of other conventional drugs Langer, 1990 .

Correspondence concerning this article should be addressed to R. B. Gupta.

Controlled release systems for these drugs are possible
through formulations that consist of protein particles encap-
sulated within a polymer matrix. An important factor affect-
ing the release rate of these encapsulated protein particles is
particle size. The smaller the particles, the higher the per-
centage of solids that can be incorporated. Also, the particle
distribution can be more uniform within the composite struc-
ture. Further, submicron size particles are better at dissolving
in the blood stream and reaching desired target organs like

Žthe heart and the lung tissues Kreuter, 1983; Gesler et al.,
.1973; Schroeder et al., 1978 .

ŽConventional technologies, for example, spray drying Nass,
. Ž .1988 and milling Hixon et al., 1990; Van Cleef, 1991 pro-

duce particles ranging from 5�50 �m, but protein particles
manufactured by these processes usually tend to be dena-
tured. Fluid energy grinding can produce particles in the
range of 1�10 �m, but it involves the use of high velocity
compressed air, which leads to electrostatically charged pow-

Ž .ders. Lyophilization Briggs and Maxwell, 1975 is another
technique for protein particle formation, but not all proteins
can be lyophilized into stable products, and, besides, the pro-
cess needs to be tailored to each individual protein. Hence, a
number of challenges and problems exist with these conven-
tional methods of particle formation that need addressing.
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Supercritical fluid technologies such as Rapid Expansion
Ž .of Supercritical Solutions RESS and SAS are fast emerging

as efficient, clean, and economically viable methods for bio-
logical particle processing. The particles obtained by these
processes are 1�5 �m in size and have a narrow size distribu-

Ž .tion Chattopadhyay and Gupta, 2000; Turk, 1999 Several
researchers have utilized the properties of supercritical CO2
to develop small particles of various protein and drug

Ž .molecules. Chang and Randolph 1989 used the RESS tech-
nique to produce beta-carotene particles having a narrow size

Ž .distribution. Larson and King 1985 showed that it is possi-
ble to precipitate various steroid particles using supercritical

Ž .fluids. Later, Steckel et al. 1997 micronized different steroid
particles for pulmonary delivery using supercritical fluids. Yeo

Ž .et al. 1993 used the SAS technique to produce biologically
Ž .active insulin powder. Sloan et al. 1998 used supercritical

fluids and a coaxial tube arrangement to produce biologically
Ž .active lysozyme particles. Winters et al. 1996 used the SAS

technique to generate biologically active micron size particles
of lysozyme, trypsin, and insulin. Although these techniques
are becoming increasingly popular because of numerous ad-
vantages, further developments are necessary to provide a
better size control, in order to generate smaller particles hav-
ing a narrower size distribution.

A significant improvement in the SAS process is presented
in this work. The new process, supercritical antisolvent with

Ž .enhanced mass transfer SAS-EM , uses a surface vibrating
at an ultrasonic frequency to atomize the jet into micro-

Ž .droplets Gupta and Chattopadhyay, 2000 . The ultrasound
field generated by the vibrating surface enhances turbulence
and mixing within the supercritical phase, resulting in a high
mass transfer between the solution and the antisolvent. The
combined effect of fast rate of mixing between the antisol-

( )Figure 1. Broad differences between the SAS Left and
( )SAS-EM Right techniques, respectively.

vent and the solution, and reduction of solution droplet size
due to atomization, provides particles up to ten-fold smaller
than those obtained from the conventional SAS process. Fig-
ure 1 and Table 1 illustrate the broad differences between
SAS-EM and the SAS processes.

The objective of this article is to report the features of
SAS-EM technique in particle processing and to demonstrate
it by the formation of lysozyme nanoparticles for pharmaceu-
tical purposes. Process parameters for the control of particle
size are also studied.

Experimental Studies
Materials

ŽAll the materials were used as received: CO and N 99.9%2 2
. Ž .pure, Airco , lysozyme Sigma lot no. 57H7045 , bacteria mi-

Ž .crococcus lysodeikticus Sigma lot no. 39H8615 , dimethylsul-
Ž . Žfoxide DMSO, Fisher Scientific , NaCl 99.9% pure, Fisher
. Ž .Scientific , and phosphate buffer pHs7, Fisher Scientific .

Apparatus
The apparatus is shown in Figure 2. The apparatus pro-

vides for visual observation of phase behavior, precipitation,

Table 1. Differences Between the Conventional SAS
Technique and the New SAS-EM Technique

SAS Technique SAS-EM Technique

Droplet formation
Droplet formation is due to jet Droplet formation is due to
breakup of the solution jet atomization of the jet into
injected into the supercritical fluid micro-droplets caused by the
phase medium. horn surface vibrating at an

ultrasonic frequency of 20 KHz.
Mass-transfer rate
Depends on the solvent in use Also depends on the solvent in
and is the rate of transfer use, but there is an enhanced
between the droplet and the rate of mass transfer between
SCF medium. the droplet and the super-

critical fluid due to increased
mixing and turbulence caused
by the ultrasonic field.

Dropletrparticle motion
Dropletrparticle motion within Dropletrparticle motion within
the supercritical fluid phase is due the supercritical fluid phase
to the momentum imparted by the is due to the vibrating
solution jet velocity. ultrasonic surface, which pro-

pels the droplets away from the
horn surface at a rapid rate.

Particle sizes obtained
Sizes of the particles obtained Sizes of the particles obtained
are fairly small, in the micrometer are much smaller in the

Ž .range 1�5 �m . nanometer range
Ž .100�500 nm .

Particle� size adjustability
Particle sizes can be slightly Particle sizes can be controlled
controlled by changing the density to a great extent by changing
of the supercritical fluid, the power supplied to the

Žwhich, in turn, can be changed vibrating surface that is, by
by varying the pressure changing the amplitude

.and the temperature of the of the vibrating surface . In
supercritical fluid. addition, a minor control of

particle size may also be ob-
tained by changing the super-
critical fluid density.
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Figure 2. Apparatus for particle production using the SAS-EM technique.

rapid equilibration, and collection of the precipitated parti-
cles. The central feature of the apparatus consists of a high-

Ž .pressure ultrasound precipitation cell R approximately 80
3 Ž .cm in volume. A titanium horn Sonics and Materials hav-

Ž .ing a broad tip 1.25 cm in diameter is attached to the pre-
cipitation cell for jet deflection and introduction of the ultra-
sonic field. The ultrasound horn is powered by a 600 W, 20�

Ž .0.05 kHz ultrasonic processor Ace Glass, Inc. . The ampli-
tude of vibration of the horn surface is directly proportional
to the input power and can be directly controlled by adjusting
the power supplied to the ultrasound transducer. A collec-
tion plate is placed inside the precipitation cell for collecting
the particles. High pressure inside the cell is generated using

Ž .a HIP hand pump C . Valves V 1 and V 2 are used to fill up
the HIP hand pump with fresh CO . The entire cell assembly2
is maintained at a constant temperature using a circulating
water bath. The lysozyme solution is injected inside the pre-

Ž .cipitation cell using a ‘‘solution injection device’’ S , which
consists of a stainless steel cylinder containing a piston. The
piston divides the cylinder into two chambers. The protein
solution is placed inside one of these chambers and then de-
livered into the cell by using pressurized nitrogen in the other
chamber. The device S is connected to the precipitation cells

Ž .by means of a 75-�m internal diameter fused quartz capil-
lary tube. The capillary tube opening is placed at an angle of
about 40� touching the horn surface. Supercritical CO is fed2

inside the precipitation cell through the inlet port located at
the bottom of the vessel. Valve V 1 is used to control the flow
of supercritical CO into the cell. Pressure inside the cell is2
measured using a pressure gauge P1. The outlet port is lo-
cated on top of the precipitation cell and valve V4 is used to
control the depressurization process. The pressure difference
across the capillary is measured using the pressure gauges
P2 and P1.

Procedure
All the precipitation experiments were carried out in batch

mode. The first step was filling up the precipitation cell with
carbon dioxide to obtain the desired pressure. The tempera-
ture inside the chamber was maintained constant by placing

Žit in a water bath. Lysozyme solution in DMSO concentra-
.tion, 5 mgrmL was loaded into the ‘‘solution injection de-

Ž .vice.’’ The titanium horn H inside the precipitation cell was
then allowed to vibrate at the desired amplitude by adjusting
the input power, and the lysozyme solution was introduced
inside the precipitation chamber through the 75 �m capillary
tube, placed against the horn surface. As soon as the solution
jet was in contact with the vibrating horn surface, it was at-
omized into tiny droplets and lysozyme particles were formed
due to the rapid removal of DMSO by supercritical CO from2
these droplets. The mass-transfer rate between DMSO and

February 2002 Vol. 48, No. 2AIChE Journal 237



supercritical CO was greatly enhanced due to increased mix-2
ing caused by the ultrasonic field generated by the horn sur-
face. Increased mixing also led to an increase in particle mo-
tion inside the precipitation cell, and this prevented agglom-
eration.

Next was the cleaning step in which DMSO that was left
dissolved in supercritical CO was removed by continuously2
purging with fresh CO . The complete cleaning process re-2
quired approximately 7�8 times the vessel volume of fresh
CO . The precipitation cell was then allowed to slowly de-2
pressurize until it reached ambient pressure. The chamber
was then opened and the collection plate was removed and
taken for particle analysis.

Particle-size analysis
Analysis was carried out using Scanning electron mi-

Ž .croscopy Zeiss, model DSM940 . The samples were coated
Žwith goldrpalladium using a sputter coater Pelco, model Sc-

.7 . From the SEM micrographs, both the volume-based and
the number-based size distributions were determined by
measuring the diameters of about 100�200 randomly selected
particles for each experiment.

Results
The ultrasonic processor is designed to deliver a constant

amplitude. The amplitude of vibration of the ultrasound horn
surface can be controlled by adjusting the total power it de-
livers. The higher the power supplied to the ultrasonic trans-
ducer, the greater are the vibrations at the horn tip and the
higher is the horn amplitude. As the load or pressure on the
horn face increases, the power supply automatically boosts
up to ensure that the amplitude remains as selected.

The solution jet atomization and mixing within supercriti-
cal media are closely related to the degree of vibrations of
the horn surface and, hence, interesting behavior of the pre-
cipitation process can be observed at different horn ampli-
tudes. Experiments were conducted to examine the effect of
change in the horn amplitude on the size of the lysozyme
particles formed. The precipitation cell was kept constant at
96.5 bar and 37�C, and the frequency of the ultrasound horn
was maintained at 20 kHz. The solution jet was introduced
into the cell at different horn amplitudes corresponding to

Ž .0�20% of the total output power 600 W . Different lysozyme
particle sizes were obtained from each of these experiments,
as listed in Table 2. Figures 3a�3f are SEM micrographs of
particles obtained from experiments conducted at the differ-
ent horn amplitudes. Figures 4a�4f show a comparison of

Table 2. Experiments Conducted at Different Values of
Ultrasound Power Supply at 96.5 bar and 37�C

Power SIze Size Std.
Supplied Num. Avg. Vol. Avg. Dev.

Ž . Ž . Ž . Ž .W nm nm nm

0 1,200 2,000 640
12 730 1,040 490
30 650 860 410
60 240 260 75
90 190 190 180

120 230 360 160

particle-size distribution of lysozyme particles obtained in
each of these experiments. Figure 5 is an SEM image of the
untreated lysozyme sample as obtained from the manufac-
turer. A comparison of Figures 3a�3f and Figure 5 clearly
illustrate the differences in morphology and sizes of particles
obtained after the precipitation process.

( )Ultrasound Horn Amplitude or Ultrasound Power
as a Size Tuning Parameter

ŽThe above results show that, without ultrasound that is,
.when the ultrasound horn amplitude is zero , the volumetric

mean size of particles was 2 �m with a standard deviation of
1 �m. The experiment conducted at zero amplitude was basi-
cally the conventional SAS technique, and the nozzle in this
case was kept parallel to the horn surface. Similar results have

Ž .been obtained by Winters et al. 1996 in their SAS experi-
ments. The lysozyme particle sizes obtained by them were
around 1�5 �m. Experiments conducted at higher ampli-
tudes yielded a considerable decrease in particle size to as
low as 190 nm in case of horn amplitude corresponding to a

Ž .90 W power supply Table 2 . Figure 6 shows the relationship
between average particle size and the ultrasound power cor-
responding to different amplitudes. The volumetric average
Ž . Ž .S and number average S particle sizes at different®o l num

Ž .ultrasound power P decreases with increasing power as

S s0.211 P 2y39.791 Pq1744.8 1Ž .®o l

S s0.115 7P 2y21.097Pq1113.7 2Ž .num

where S and S are in nm and P is in Watts.®o l num
From Figure 6, one can infer that the mean particle size

decreases to a minimum at the horn amplitude correspond-
ing to a 90 W power supply. Increasing the amplitude beyond
this point tends to increase particle size by a small amount.
This may be due to the detrimental effects of very high mix-
ing that can increase agglomeration. Apart from a decrease
in the particle size, there is also a considerable decrease in
the standard deviation of particles at higher probe ampli-
tudes, as shown in Figure 7. This may be due to the narrow
droplet-size distribution obtained in the SAS-EM technique,
which leads to the formation of more uniformly sized parti-
cles.

Ž .Bindal et al. 1986 studied the variation in droplet-size
distribution as a function of amplitude variation for atomiz-
ers with the liquid flowing through a channel within the ul-
trasonic horn. They observed that there is an increase in the
droplet size with increase in amplitude and which was at-
tributed to cavitation in the liquid flowing through the chan-
nel even before it comes out on to the surface. In our case,

Ž .due to high operating pressure 96.5 bar and also since the
liquid hits against the horn surface as opposed to traveling
through a channel in the horn, cavitation effects are absent.

Discussion
Volumetric expansion of DMSO

The working of the antisolvent precipitation technique is
closely related to the volumetric expansion of the carrier sol-

Ž .vent when in contact with the supercritical fluid SCF anti-
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Figure 3. SEM micrographs of the particles obtained from experiments at different ultrasound powers.
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .a 0 W, b 12 W, c 30 W, d 60 W, e 90 W, and f 120 W. The volume-average particle sizes are: a 2,000 nm, b 730 nm, c 653 nm,
Ž . Ž . Ž .d 240 nm, e 189 nm, and f 227 nm.

solvent. The volumetric expansion behavior for the DMSO-
Ž .CO system has been reported by Yeo et al. 1993 at tem-2

peratures of 22 and 35�C. Volumetric expansion of DMSO
with supercritical CO has also been calculated by Korki-2

Ž .kowski et al. 1995 for 25 and 30�C and by Reverchon et al.
Ž .1998 between the temperature range of 35�70�C. All these
results clearly illustrate that CO produces a remarkably high2
volumetric expansion of DMSO, reaching as high as 1,000%
near the mixture’s critical point.

Deflection effect of the ©ibrating surface
When a solution is sprayed onto the horn surface, the liq-

uid spreads evenly over the surface forming a thin liquid film.
Since the horn surface is vibrating at a fixed frequency of 20

kHz, a set of waves appears on the free liquid surface. The
oscillatory vibrations of the fluid surface cause the waves to
increase in amplitude until the tips break off and droplets

Ž .are emitted from the surface into the media Lang, 1962 , as
illustrated in Figure 8.

The droplet diameter is proportional to the wavelength of
the liquid surface waves, and can be determined by the fol-

Ž .lowing relation Topp, 1973

1r38��
Ds0.34 3Ž .2ž /� f

where � is the surface tension, � is the density of the liquid,
and f is the working frequency. Later, Sindayihebura et al.
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Figure 4. Particle-size distribution of lysozyme particles obtained from experiments conducted at different ultra-
sound power.

Ž .1997 suggested a linear relationship relating droplet diame-
ter and the surface wavelength as

DsK � 4Ž .s

where D is the mean droplet diameter, K is a constant de-
termined from droplet-size distribution, and � is the surfaces
wavelength obtained from stability analysis of the free liquid
surface on the horn using continuity and Navier-Stokes equa-
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Figure 5. SEM micrograph of untreated lysozyme sam-
ple as obtained from the manufacturer.

Ž .tions Sindayihebura et al., 1997

1r222 4�� 2� h �� 2� hoq g tanh q0.2 tanhs2 2 ž / ž /ž / � � �� f � �� s ss s

y1.04s0 5Ž .

where f is the working frequency, � is the amplitude of theo
atomizing surface, g is the acceleration due to gravity, � is
the surface tension, � is the supercritical fluid density, and h
is the thickness of the liquid on the horn surface.

Once the droplets are present inside the supercritical fluid,
rapid transfer of CO into these droplets and DMSO out of2
these droplets causes the droplets to expand rapidly, which
subsequently decreases the droplet’s ability to keep the
lysozyme molecules dissolved, causing the lysozyme to precip-
itate as fine particles. The precipitation starts at the super-
critical fluid-liquid interface and then propagates inside the
liquid droplet attracting the solute towards the interface
Ž .Bertucco et al., 1997 , which causes the formation of the
porous spherical balloon like structures made up of tiny
lysozyme particles loosely coalesced together. Such spherical
structures up to 20 �m in diameter were observed by Rever-

Ž . Ž .chon et al. 1998 and Reverchon 1999 in case of AcY parti-
cles using DMSO as the solvent. Similar structures have also
been observed in our case for experiments conducted at 96.5
bar, 37�C, and a small ultrasound horn amplitude corre-
sponding to 0�2% of the total power supply. In our case the
sizes of these structures are a lot smaller and range between
1�5 �m, as shown in Figure 9. This decrease in the size may
be due to smaller initial droplet diameter and narrower
droplet-size distribution produced by the SAS-EM technique
when compared to the conventional SAS technique. These
structures, however, are not seen at higher amplitudes since
increased ultrasonic waves can break the balloon like struc-
tures into their individual particles.

Another important factor that influences the protein parti-
cle size is the mass-transfer rate of the supercritical fluid into

Figure 6. Mean lysozyme particle size vs. power supply
to the horn.

the liquid droplet. Mass transfer between supercritical CO2
and DMSO causes the lysozyme particles to precipitate out
as tiny nuclei, which in turn coalesce together forming larger
protein particles. Better mixing characteristics can thus affect
particle size by enhancing mass-transfer rates between the
solution and the supercritical phase and also by preventing

Žthe particle from agglomerating together Palakodaty and

Figure 7. Standard deviation of lysozyme particle size
vs. power supply to the horn.
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Figure 8. Disintegration mechanism of the liquid film on
( )the horn surface Drews et al., 1979 .

. Ž .York, 1999 . Furthermore, Randolph et al. 1993 have shown
that mass-transfer rates are more important than the initial
droplet size in determining particle size.

ŽSeveral researchers Mandralis and Feke, 1993; Apfel,
.1990; Schram, 1988 have demonstrated that ultrasonic stand-

ing waves at appropriate intensities can cause increased par-
ticle motion due to the nonuniform distribution of pressure
and velocity components in the standing ultrasonic wave field.
This same phenomenon is observed in the SAS-EM tech-
nique. The ultrasound field generated inside the precipita-
tion chamber greatly enhances turbulence within the super-
critical phase resulting in a high mass transfer due to in-
creased mixing and also prevents agglomeration of particles.
In the SAS-EM technique, the combined effects of jet atom-
ization into very tiny droplets and high rates of mass transfer
due to increased mixing within the supercritical phase causes
the particle sizes to be extremely small.

Ž .Lengsfeld et al. 2000 propose that the mechanism of par-
ticle formation in the SAS process is due to particle growth
in the gaseous plume, and not due to the jet atomization into

Figure 9. SEM image of lysozyme particles produced by
the SAS-EM process at 96.5 bar, 37�C, and 12
W power supply.
In this case the particles are agglomerated together as
spherical balloons of sizes ranging from 2�5 �m.

droplets. Since the surface tension decreases to a negligible
value within about 1 �m distance, which is smaller than the
characteristic breakup lengths, the jet spreads in a fashion
characteristic of a gaseous jet and microparticle formation
results due to gas-phase nucleation and growth within the
expanding plume, rather than nucleation within discrete liq-
uid droplets. If above theory is correct, then the SAS-EM
technique is working by providing a high degree of mixing
causing a reduction in the particle growth.

Effect of ultrasound on the lysozyme particles
During the precipitation process, the particles formed re-

main suspended within the supercritical phase and experi-
ence different kinds of gravitational, mechanical, acoustic-
radiation-pressure, and hydrodynamic forces. Mechanical
forces are exerted on particles when they come in contact
with the vibrating horn surface. These forces can be large
enough to break the particles into smaller sizes. Acoustic ra-
diation pressures are the differences between the average
pressure at a surface moving with the displacement due to
the sound and the pressure that would have existed in a fluid

Ž .of the same mean density at rest Rayleigh, 1896; King, 1934 .
The acoustic radiation pressure force drives the particles to-

Ž .wards the nodes or the anti-nodes of a stationary-sound
field. The protein particles suspended in the ultrasonic field
oscillate with different velocities and phases relative to one
another; as a result, the particles experience a hydrodynamic
force known as Bjerknes forces. Bjerknes forces acting be-
tween the particles can be attractive and repulsive depending
on the phase difference between the velocities of the protein

Ž .particles Lamb, 1945 . Another type of hydrodynamic force
that the particles experience is the Bernoulli’s force which
arises due to a steady fluid motion around the stationary par-
ticles resulting in attraction between them. Bernoulli’s forces
are responsible for the coagulation of particles at high-

Ž .frequency ultrasonic fields Mednikov, 1965 .
Apart from displacement forces on protein particles as de-

scribed above, different types of steady flows also arise in the
presence of an ultrasonic field leading to a phenomenon
known as ultrasonic streaming. These flows exist both in the
ultrasonic free field and near the obstacles. The velocity of

Žthese streams can be approximately predicted as Shutilov,
.1988 ,

� 	 2 x r2sw 0 yw x 6Ž . Ž . Ž . Ž .o o

where 	 is the flow velocity, � is the fluid density, and w iso o
the acoustic energy density. The above equation is the law of
conservation of energy where the lefthand side represents the
kinetic energy per unit volume of the medium and the right-
hand side is the difference between the average acoustic den-
sity at the ultrasonic source and at distance x. The flow of
liquid inside the chamber is directed away from the ultra-
sonic radiator and is accompanied by inflow from regions
where the liquid encounters a solid obstacle. As a result, con-
tinuous stationary circulating currents are generated which
keep the particles in constant motion. Depending on the ul-
trasonic intensity and the size of the vessel, these currents
can be laminar or turbulent. At high ultrasonic intensities,
the acoustic flow becomes extremely turbulent and gives rise
to intense mixing of particles within the fluid.
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Effect of ultrasound on the biological acti©ity of lysozyme
As seen in the above results, ultrasound helps favorably in

terms of decreasing the particle size. However, for biological
molecules, it is also important that no other chemical changes
are caused that may reduce the activity of the substance. Since
the suspended lysozyme particles are constantly exposed to
ultrasound, it is possible that a loss in their activity or dena-
turization of the protein can occur due to interaction be-
tween the ultrasonic field and the particles. In order to exam-
ine the effect of ultrasound on the precipitated particles, ex-
periments were conducted to monitor the biological activity
of the protein particles exposed to ultrasound in SAS-EM
process.

A biological suspension of 20 mg of micrococcus lysodeikti-
Ž .cus was prepared in 90 mL of phosphate buffer pHs7 and

10 mL of 1% NaCl solution. Lysozyme solution was prepared
in the phosphate buffer having a concentration of 0.04
mgrmL. 0.25 mL of this protein solution was mixed to 2.5 mL
of the bacterial suspension. Analysis was carried out by moni-
toring the rate of absorbance at 450 nm using a UV-Spectro-

Ž .photometry Spectronic Genesys 2 , as shown in Figure 10.
The rate of absorbance was linear for 4 min and was propor-
tional to the concentration of the biological active enzyme.
Based on the above results, it follows that lysozyme particles
obtained from the SAS-EM technique at an ultrasound horn
amplitude corresponding to 60 W power supply, retained

Figure 10. Lysozyme assay tests.
Ž .Lysozyme supplied by the manufacturer top , Lysozyme

particles obtained at 96.5 bar, 37�C, and at 60 W ultra-
Ž .sound power supply bottom . Lysozyme particles obtained

by the SAS-EM technique retained about 87% of the orig-
inal activity.

about 87% of their activity. The biological activity of the pro-
tein is retained during the processing. However, more tests
need to be conducted for ‘‘labile’’ proteins to generalize the
result.

Conclusions
The SAS-EM technique can be successfully used to pro-

duce micro- and nanoparticles of lysozyme. The particles ob-
tained by the new process are up to 10 fold smaller than those
obtained from the conventional SAS process. Ultrasound

Ž .power that is, horn amplitude can be used to accurately
control the particle size. The particle size decreases with the
increase in the ultrasound power up to a certain point be-
yond which the particle sizes increases slightly. SAS-EM pro-
vides a narrower size distribution of particles as compared to
the conventional SAS process.
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