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Abstract

Ultrasound changes its intensity and speed when propagating through a liquid or a suspension containing particles. In addition it generates a
weak electric signal by altering the motion of ions and charged particles. Hence acoustic and electroacoustic measurements provide information
about the properties of suspended particles and molecules. Here we present both acoustic and electroacoustic results on blood suspensions and
protein solutions, relevant to life sciences. For blood cells a strong increase in acoustic attenuation with volume fraction is found, from which the
speed of sound in an erythrocyte is found to be about 1900 m/s, assuming the attenuation is due to scattering only. A similar value of 1700 m/s
is found from the increase in sound speed of the dispersion with concentration. Electroacoustic measurements on bovine serum albumin (BSA)
yield a charge of about seven elementary charges per BSA molecule. These results show the power and usefulness of acoustic and electroacoustic
measurement techniques for biological systems.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction As aresult of all these efforts we now have available a sophis-

ticated and well-verified theory that describes the various effects

The roots of our current understanding of sound propagation
through a heterogeneous system go back more than 100 years
to the first experiments by Poisson on the scattering of sound
by atmospheric disturbances [1]. Many hundreds of scientists
have worked in these fields since then. A comprehensive review
of their work, published 4 years ago [2], includes about 500
references. The most important steps include:

Discovery by Stokes in 1845-1851 of the relationship
between viscosity and sound attenuation [3].

e First ultrasound scattering theory by Lord Rayleigh, more
known for his light scattering theory, who published his two
volumes of “Theory of Sound” in 1875-1878 [4].

Discovery of the electroacoustic effect by Debye in 1933
[5].

e Nobel price to Eigen et al. in 1967 for studying chemical
kinetics using acoustics [6].
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that are induced by ultrasound in heterogeneous systems. We
now also have a very good understanding of the measuring
techniques that are employed in several available commercial
instruments. Many details on theory, experimental verifications
and experimental techniques can be found in the recent review
mentioned above [2].

The main advantage of ultrasound over other techniques is
that it allows characterization of intact concentrated systems,
eliminating dilution. This makes this technique very attractive
for many concentrated biological systems. This advantageous
feature of ultrasonic techniques has been recognised long before.
A number of papers dealing with various biological applica-
tions of these techniques were published, even before commer-
cial instrument became available. Some of them are listed here
[7-18,31], with applications to blood, haemoglobin, plankton,
bovine serum albumin, polysaccharides, and other biological
solutions. Introduction of commercial instruments in the mid
90th renewed interest in these techniques. Some of the new appli-
cations simply look for empirical correlations between acoustic
properties of various bio-solutions and their biological functions
(see e.g. [19]). One of the most promising developments of this
kind is the use of acoustics for early diagnostics of Alzheimer
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disease [20]. Another more sophisticated trend is the extrac-
tion of more detailed information on a particular system from
measured raw data, using appropriate theories. Examples of
this second approach are the characterization of intravenous fat
emulsions [17], bio-polymer adsorption [21,22], magnetic fluids
[23] and dairy products [24]. A more recent development is the
characterization of single biological cells by acoustic imaging,
using GHz frequencies [25].

Our main objective of this paper is attracting attention to
these powerful techniques, by showing that they are suitable for
biological systems. We present below several new experiments
on proteins and red blood cells.

2. Methods

Two different characterization techniques based on ultra-
sound are acoustics and electroacoustics. Acoustic is simpler
and older. Both types of measurement were performed with an
Acoustic and Electroacoustic Spectrometer DT-1200 (Disper-
sion Technology, Bedford Hills, NY, USA).

2.1. Acoustics

Fig. 1 illustrates the main principles of the “transmission”
measurements that are used. A piezo-electric transducer converts
an input electrical tone burst to an ultrasound pulse of a certain
frequency and intensity and launches it into the sample. The
intensity of this pulse decays as it passes through the sample
due to the interaction with the fluid. A second piezo-electric
transducer converts this weakened acoustic pulse back to an
electric pulse and sends it to the electronics for comparison with
the initial input pulse. The total loss and time delay from the
input to output transducer for each frequency and gap can be
considered the “raw data” from which further interpretation is
made. It is convenient to present these raw data in terms of an
attenuation coefficient «, defined as

10 I
————log
S (MHz)L (cm) ~ Iou

= ey
where f is the frequency of the pulse, L the distance between
transmitter and receiver, and [, and I,y are the intensities of
the emitted and received pulse, respectively. The sound speed
c is obtained from c = L/t, t being the delay time between emit-
ting and receiving the pulse. An attenuation frequency spectrum,
typically in the range of 1-100 MHz, and sound speed are the
usual experimental outputs of an acoustic spectrometer.

Such experimental data can be used either for empirical cor-
relations with other properties of the system under investigation,
or for further theoretical treatment. This second step is similar to
light transmittance, from which e.g. the particle size distribution
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Fig. 1. General principles of acoustic measurement in “transmission” mode.
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Fig. 2. Attenuation spectra calculated for monodisperse colloids with different
sizes showing superposition of viscous adsorption and rigid particle scattering.
Volume fraction is 10%, density contrast is 2, liquid is water.

can be extracted using well-known theory. Similarly the trans-
mitted part of the total acoustic energy launched into the system
also depends on particle size. This is illustrated by a graph in
Fig. 2, which shows theoretical predictions of the dependence
of ultrasound attenuation as a function of relative wavelength
ka defined as ka=2ma/A, where a is the particle radius and A
is the wavelength of ultrasound. These theoretical spectra are
calculated from a general theory of sound propagation in het-
erogeneous systems, a general overview of which is given in
Ref. [2]. Adequate theory does exist, even for very concentrated
systems up to 50% by volume [26], and for systems that have
some interconnecting structure or even more than one dispersed
phase. Itis seen that attenuation curve has two prominent ranges.
The low frequency region corresponds to absorption; the higher
frequency region corresponds to scattering.

Erythrocytes contribute to attenuation mostly through the
scattering of ultrasound due to their relatively large size of
around 7 pm. There is a simple expression for scattering attenu-
ation ag (in Np/cm) derived by Morse and Uno Ingard [27] for
the Rayleigh long wavelength limit [4]:

2
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where p is the density, @ the frequency of the ultrasound, ¢
the speed of sound and the index m corresponds to the lig-
uid medium, and p to that of the particles. This expression is
valid for particles with diameters (2a) that are less than 1/6 of
the wavelength. This restricts somewhat its applicability to the
high frequency range of the DT-1200. Ultrasound wavelength at
100 MHz is about 15 wm, which is only two times larger than
diameter of erythrocytes.

Eq. (2) shows that attenuation depends on the compressibility
of erythrocytes through the value of its sound speed c,. We can
determine the optimum value of this parameter that provides
the best theoretical fit to the experimental attenuation frequency
spectra. Alternatively we can also determine the compressibility
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of erythrocytes from measurements of the speed of sound in a
suspension.

Also for solutions of biomolecules the attenuation depends
on the properties and concentrations of the biomolecules. Ultra-
sound applies longitudinal (perpendicular to shear) stress to the
liquid. Consequently, propagation of ultrasound depends on the
visco-elastic properties of the liquid. It is possible to introduce
a “longitudinal complex modulus”, M, for characterizing these
visco-elastic properties [2]. The real (M) and imaginary (M")
parts of this modulus are related to the sound speed ¢y, and the
attenuation oy, of the liquid, respectively:

M}, = pmcs, 3)
2 3
M/, = ZPmEm%m m;mam )

Biomolecules affect the visco-elastic properties of the liquid
and this is reflected in the acoustic properties, according to Egs.
(3) and (4). This means that acoustics gives us an opportu-
nity to characterize high frequency visco-elastic properties of
biomolecules.

For suspensions of particles, including biological cells, also
the sound speed contains contributions from the suspended parti-
cles. We can apply the theory of ultrasound propagation through
heterogeneous systems, developed by many scientists in 20th
century and discussed in Ref. [2]. The speed of sound is given
by Wood’s [28]:

m =P <1—<p+(ppmc]%1> (5)
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where ¢ is volume fraction and ps = ¢op + (1 — @) o is the den-
sity of the colloid. The index s refers to the solution as a whole.
For low volume fractions this relation reduces to

2 2 2
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This equation shows that for low volume fractions the speed of
sound varies linearly with volume fraction, the slope determined
by the densities of the particles and the medium (o, and o) and
the ratio of the sound speeds in the medium and the particle.

2.2. Electroacoustic measurements

Debye [5] first predicted an electroacoustic effect 70 years
ago. In either electrolyte solutions or dispersions, the effect is
related to a coupling between electrodynamic and mechanical
phenomena. For instance, the transmission of ultrasound through
an electrolyte solution or dispersion generates a current, which
is usually referred to as an ion/colloid vibration current (CVI).
Alternatively one can apply an oscillating electric field with cre-
ates a sound wave, which can be measured as an electrosonic
amplitude (ESA). Commercial instruments for measuring these
effects are available with the purpose of determining the ¢-
potential of dispersed particles in liquids. The CVI is measured
with an electroacoustic zeta potential probe, inside which is a
piezo-electric transducer, which generates a sound pulse that

creates an electroacoustic effect on the front phase of the probe.
The colloid vibration current (CVI) between a central gold elec-
trode and a stainless steel cover is measured electronically. This
signal can be converted into a ¢-potential of the particles using
the following equations:

Pp— P
LR ouqVP (7)

Pm

CVli=C

where C is an instrumental constant that can be found from
calibration, VP the pressure gradient and pq4 is the dynamic
mobility, given by

em€ol (Pp — Ps)PmKs

= ®)
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where e, and ¢, are the dielectric constant of the medium and the
permeability of free space, 1 the viscosity of the medium and K
and Ky, are the conductivities of the suspension and suspending
medium, respectively. For spherical particles (with radius ¢ and
a double layer thickness 1/k) of low charge, the zeta potential ¢
is related to the charge, ¢, of the particles by

q = 4memeo(l + ka)ag )]

A detailed description of the electroacoustic spectrometer can
be found elsewhere [2]. This device can characterize electric
surface properties of micro- and nano-objects in liquids with no
dilution. This is an enormous advantage over traditional elec-
trophoretic techniques.

3. Results and discussion

We present here results for the characterization of suspen-
sions of blood cells and protein solutions using ultrasound.

3.1. Acoustic properties of blood

The main purpose of these tests was to verify the possibility
of measuring acoustic properties of blood with high precision,
which should be more than adequate for characterizing prop-
erties of blood components. From initial blood samples of a
human donor, we collected plasma and erythrocytes. We per-
formed multiple measurements of the plasma, followed by an
erythrocyte sample at 95% weight fraction. After this we made
sets of dilution by plasma, measuring erythrocyte dispersions at
different concentrations.

Attenuation spectra of the blood plasma are shown in Fig. 3. It
can be seen that the attenuation exceeds substantially the attenua-
tion by water. The precision increases with frequency, reaching
about 0.002 dB/cm MHz at 100 MHz. The difference between
water and plasma is 150 times larger than the measurement pre-
cision. This opens the possibility to characterize plasma proteins
with ultrasound attenuation.

Attenuation spectra of various erythrocyte samples are shown
in Fig. 4. Attenuation increases with increasing erythrocyte con-
centration, which indicates that observed differences can be
attributed to the erythrocytes. These differences exceed the mea-
surement precision a hundred times, showing that this measure-
ment can be used for erythrocyte characterization. Differences
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Fig. 3. Attenuation spectra of water and repeated measurements of blood
plasma.

are most pronounced at high frequency. The results clearly indi-
cate that such measurements must be done at frequencies above
10 MHz, preferably at 100 MHz and higher. Fitting the data for
the 9.5% erythrocyte suspension to the theory (Eq. (2)), using
the speed of sound in an erythrocyte, as an adjustable parameter,
yields a speed of 1900 m/s. Results of the best fit are shown in
Fig. 5.

This analysis leads us to the conclusion that acoustic mea-
surement of blood could reveal variations in erythrocyte com-
pressibility, which might be used for diagnostic purposes.

The sound speed in an erythrocyte dispersion shows a pro-
gressive change with concentration of erythrocytes, as shown in
Fig. 6. It can be seen that the speed of sound increases linearly
with volume fraction for low concentrations. Comparing the ini-
tial slope with Eq. (6), using pp = 1.08 g/cm? for the density of an
erythrocyte, yields cp = 1700 m/s. This value is close to the value
obtained from attenuation data, the difference likely due to some
effects other than scattering contributing to the attenuation, and
the approximate nature of Eq. (2) for large particles. Additional
fits for the speed of sound in an erythrocyte, obtained from Eq.
(5) and Fig. 6 are shown in Table 1. Values for the speed of sound
in biological cells can vary from 1600 to 1850 m/s [25]. The
sound speed of 1700 m/s for erythrocytes falls within this range.
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Fig. 4. Attenuation spectra of the samples with various erythrocyte concentra-
tions in blood plasma.
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Fig. 5. Experimental attenuation of the sample with 9.5% erythrocytes and the-

oretical fit assuming compressibility of erythrocytes that corresponds to a sound
speed of 1900 m/s.
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Fig. 6. Experimental sound speed of erythrocytes solutions versus weight frac-
tion of erythrocytes.

Applying the Wood equation (Eq. (5)) to a single erythrocyte,
neglecting scattering from the membrane and assuming a protein
concentration of 32% [29], yields a sound speed of 2500 m/s in
the protein fraction, a value typical of proteins [25].

3.2. Electric charges of proteins by electroacoustics

Ultrasound offers a simple way of measuring electric charges
of proteins. We have illustrated this by measurements on bovine
serum albumin. Fig. 7 shows the electroacoustic signal (CVI)
measured for several different volume fractions of protein. Eq.
(7) indicates that the CVI is proportional to the volume fraction.

Table 1

Sound speed of erythrocytes solution at 9.5 wt%, experiment and theory assum-
ing various values of the sound speed in erythrocytes, which corresponds to
different compressibility of erythrocytes

Experiment sound speed (m/s) 1528.8
Theory, C, =1700 (m/s) 1529
Theory, C, = 1900 (m/s) 1539
Theory, C, =5000 (m/s) 1576
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Fig. 7. Colloid vibration current of bovine serum albumin at various concentra-
tions.
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Fig. 8. Electric charge of bovine serum albumin in elementary charges per par-
ticle at various concentrations.

This is indeed observed experimentally as shown in Fig. 7. Egs.
(7)-(9) allow us to calculate the electric charge of the particles
from the CVI. This surface charge should be independent of the
volume fraction of particles, because it is related to the electro-
chemical equilibrium between protein and the bulk liquid. Fig. 8
shows that this is indeed true. At neutral pH the zeta potential of
BSA has been reported as —23 mV [30]. Calculating the charge,
using Eq. (7) yields a net charge of 6, in close agreement with
the value found here from the CVI. These experiments prove
that electroacoustics is a suitable tool for the measurement of
electric charges of proteins and other bio-macromolecules.

4. Conclusions

We have shown that existing ultrasound-based instruments
can measure acoustic and electroacoustic properties of bio-
molecular solutions and dispersions of biological cells. The
experimental data can be used for characterizing mechanical and
electrical properties of biomolecules. It was found that each BSA
molecule carries a (negative) charge equivalent to seven mono-
valent charge groups. With regard to dispersions of biological
cells, these ultrasound-based techniques can yield information
on the rheological properties of cells, such as their compress-
ibility, reflected in the speed of sound. This might be used for
diagnostic purposes.
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