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Abstract 

The method of measurement of velocity and absorption of ultrasound at a fixed frequency (7.2 MHz) and measurement of 
density were used to study the physical properties of high- (HDL,) and low- (LDL) density lipoproteins. We found 
substantial changes in velocity number [u] and absorption number [a/\] on temperature, which reflect structural changes in 
the hydrophobic core of LDL at the thermotropic-phase transition. The absorption number revealed broad changes in 
temperature for both classes of lipoproteins (LPI. The density of LP also depends on temperature but in considerably less 
degree than the acoustic parameters. The values of acoustic parameters were determined, showing that LDL and HDL, 
greatly differ with respect to adiabatic compressibility. 0 1997 Elsevier Science B.V. 

Kev,lo&: Ultrasonic velocimetry: Ultrasound absorption; Density; Lipoproteins: Adiabatic compressibility 

1. Introduction 

Lipoproteins (LP) are supramolecular lipid-pro- 
tein complexes that are responsible for lipid transport 
in blood plasma. They consist of a hydrophobic core 
containing mainly cholesterol esters and triglyc- 
erides, surrounded by an amphiphatic 
phospholipid-cholesterol monolayer accommodating 
the apoprotein components. Impaired LP metabolism 
in plasma and in cells, which depends on biophysical 

and biochemical properties of the particles, is associ- 
ated with an increased risk for atherosclerosis. So 
far, considerable information on biophysical LP 
properties has been obtained from various X-ray, 
spectroscopic and thermodynamic measurements (see 
Ref. [l] for review). Among a wide variety of LP, 
two classes have been most intensively studied so 
far: low-density lipoproteins (LDL) and high-density 
lipoproteins (HDL,). LDL are cholesterol- and 
cholesteryl ester-rich LP and are supposed to be 
atherogenic. The LDL are the major sterol trans- 
porter in the circulation between blood plasma and 
the cell membranes. More than 50% of the mass of 
LDL is cholesterol. HDL, contains less cholesterol 
(about 20% of its mass> and is smaller than LDL. It 
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is necessary to note that most of the cholesterol (up 
to 80%) present in LP is esterified with fatty acids. 
HDL, is supposed to be antiatherogenic (see Ref. 
[I]). The core of HDL, is characterised by a radial 
arrangement of cholesteryl esters in extended confor- 
mation into which the hydrocarbon chains of phos- 
pholipids and cholesterol are interdigitated. The core 
of LDL also contains radial layers of cholesteryl 
esters and triglycerides. but cholesteryl esters and 
phospholipids do not interdigitate, or interdigitation 
is considerably less pronounced than in HDL,. The 
free cholesterol resides primarily in the phospholipid 
monolayer of the surface of the LP. X-ray diffraction 
studies provide evidence that the core of LDL is less 
ordered compared to HDL, [2]. LDL shows a re- 
versible thermotropic structural transition around 
30°C [3,4], which is due to a cooperative order-dis- 
order transformation of cholesteryl esters in the apo- 
lar core. The temperature of the phase transition in 
this temperature range depends on the ratio between 
cholesteryl esters and triglycerides [5]. In addition, 
observed reversible thermotropic transitions coincide 
with structural changes in apolipoprotein B, hence, 
occurrence is between 40-60°C and transition is 
between 74 and 82°C. The last transition is irre- 
versible and caused disruption of LDL [6,7]. In 
contrast to LDL, HDL, did not show such a ther- 
motropic behaviour of the cholesteryl esters. How- 
ever, DSC calorimetry studies showed a ther- 
motropic behaviour of apolipoprotein Al located on 
the LP surface. A reversible transition of this protein 
has been shown between 43 and 7 1°C with the 
mid-point at 54°C [S]. 

Detailed information about molecular properties 
of lipids in LP has been obtained using different 
spectroscopic techniques and X-ray diffraction 
method [I]. Here, we report on the application of a 
new macroscopic method - the measurement of the 
absorption and velocity of ultrasound, to obtain in- 
formation on biophysical properties of LP that have 
not been available so far. The method of ultrasonic 
velocimetry is based on molecular acoustics and 
could provide new insight into the supramolecular 
structure of different LP classes. The usefulness of 
ultrasonic velocimetry for solving various biophysi- 
cal problems was shown in a review by Sarvazyan 
[9]. This method was demonstrated to be very effec- 
tive for the study of mechanical properties of lipo- 

somes [IO], phase transitions of lipid bilayers [ 11,12], 
protein-lipid interactions [ 13- 161. hydration of lipo- 
somes [ 171, determination of partition coefficients 
[181. and the study of physical properties of nucleic 
acids [19] and proteins [20]. The method of ultra- 
sonic velocimetry is based on the relation between 
the velocity of ultrasound, II, density, p, and adia- 
batic compressibility, p. of the ‘solvent’ [21]. 
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Both density and adiabatic compressibility can re- 
flect the peculiarities of the structure of LP if they 
serve as the acoustic medium. Density can be mea- 
sured by an independent method, e.g.. an oscillation 
densitometer [22], while adiabatic compressibility can 
be determined by means of ultrasonic velocimetry 
[9]. Parameter p is directly related to the volume 
compressibility of a given solution or dispersion, 
e.g., microemulsion particles such as LP. In this 
work. we have applied ultrasonic velocimetry to 
study two important classes of human LP - LDL 
and HDL,. 

In the present work, we were able to show for the 
first time that ultrasonic velocity and absorption 
depend significantly on structural and physical prop- 
erties of LDL and HDL, at their physiological con- 
centrations, as well as on temperature. 

2. Materials and methods 

2. I. Preparation of LP 

LDL was isolated from a single plasma sample by 
fasting normolipemic volunteers as described earlier 
[23]. Immediately after blood drawing and centrifu- 
gation, the plasma was stabilised with EDTA and 
sodium azide (1 mg/ml) and subjected to density 
gradient ultracentrifugation in an SW-40 rotor (Be- 
ckmann) for 24 h at 40000 rpm [24]. LDL was 
harvested from a fraction corresponding to densities 
1.025- 1.055 g/ml of the density gradient and recen- 
trifugated under identical conditions. All buffers and 
solutions used for LP preparation contained EDTA 
and sodium azide (1 mg/ml) and were deoxygenated 
in vacua after saturation with nitrogen. All purifica- 
tion steps were performed at 4°C and preparations 
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were used within one week. The purity of the LDL 
fraction was assayed by double-decker rocket immu- 
noelectrophoresis and SDS polyacrylamide gel elec- 
trophoresis as described in Refs. [25-271. HDL, 
were also isolated from plasma of fasting nor- 
molipemic volunteers. In the first step, serum density 
was adjusted to 1.070 g/ml by adding NaCl fol- 
lowed by ultracentrifugation at 16°C and 100000 g 
for IS-20 h. Total HDL, was isolated by adding 
solid NaBr to the lower two-thirds of the tubes up to 
a density of 1.22 g/ml. Ultracentrifugation pro- 
ceeded for 25 h at 145 000 g and 16°C. HDL, was 
subsequently isolated at a density of 1.125- 1.2 10 
g/ml [28]. Protein was measured according to Lowry 
et al. [29] in the presence of 0.5% (w/w> sodium 
dodecyl sulphate. Buffers were prepared using dou- 
ble-distilled water. Solutions of LDL or HDL, were 
dialysed overnight against 10 mmol/l phosphate 
buffer (pH 7.4). Low salt concentrations are impor- 
tant for ultrasonic velocimetry, because both ultra- 
sonic velocity and absorption are sensitive to the 
concentration of salts [9]. Concentration of LP was 
determined gravimetrically by dry weight after dialy- 
sis. 

2.2. Measurement of velocity and absor-ption of ul- 
trnLsound 

Ultrasonic velocity and absorption were measured 
using a differential fixed-path velocimeter with 
acoustic resonators [30,3 l]. Determination of the res- 
onance parameters was based on measuring the mid- 
points and widths of the phase-frequency curves of 
the resonance peaks by means of a home-made 
electronic circuit based on phase-frequency feedback 
circuits that were computer-controlled. The res- 
onators contained a sample volume of 0.7 ml and 
were equipped with magnetic stirrers for continuous 
stirring of the solution during measurements. One 
resonator contained the LP solution, while the refer- 
ence resonator contained the blank (10 mM phos- 
phate buffer). The experiments have been performed 
at 7.2 MHz. The magnitude of the alternating pres- 
sure in the ultrasonic wave was < 0.01 bar. This 
allowed the avoidance of the influence of ultrasound 
on structural transition of biocolloids and also the 
exclusion of any inhomogeneous heating effect from 
absorption which could distort the standing wave 

field in the liquid, fill the velocimeter cavity, and 
shift the resonance peaks. Frequency, ,f, and half- 
power width, A,f’, of a resonance peak of the acoustic 
resonator are related to each other. to sound velocity, 
~1, and absorption per wavelength, ah, respectively 
[321. 

,,I i i?f\ 
A,= i (l+r) 

! ! 

and 

(2) 

where Au and Sf are changes in sound velocity and 
resonance frequency, respectively, caused by a 
change in the physical properties of the measured 
liquid; y is a correction term (y < 0.003), which can 
be omitted from Eq. (2) for the type of resonator 
used in this work [12,33]. R is the calibration 
coefficient for sound absorption. For an ideal res- 
onator f2 = 7~. if the peak width is measured at half 
of the power level of the peak. For a real system, the 
value of R was obtained by calibration. Calibration 
has been performed, using the known ultrasonic 
absorption of 0.1 mol/l MnSO, [21]. The relative 
precision of measurements of velocity at single tem- 
perature was about 2 X IO-‘% and absorption about 
57~. In the case of temperature-dependent measure- 
ment, we also determined base line (when both cells 
were filled with buffer). Reproducibility of base line 
was approximately * 1 X lo-“% for sound velocity 
and about 5% for absorption. Cells were ther- 
mostated with Lauda RK8CS ultrathermostat. 

Temperature dependencies of sound velocity and 
absorption were measured by changing temperature 
stepwisely. After setting a temperature, the sample 
was equilibrated in 5 min (the establishment of 
equilibrium was controlled by measurement of sound 
velocity). This procedure was repeated for each tem- 
perature. 

The theory of ultrasonic velocimetry and absorp 
tion is described in a number of reviews (see Refs. 
[9,13,21]). Below are listed the basic equations quoted 
in this work for the so-called velocity number [u], 
and absorption number [ah], defined as 

(4) 
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and 

[ *] = ( aTA - ““A”) 
CY 

c 

where c is the concentration of the solution ex- 
pressed in mg/ml and the index ‘0’ refers to solvent 
(buffer). Velocity number [u] is related to the adia- 
batic compressibility of diluted particles. The com- 
pressibility of diluted solutions of proteins or lipo- 
somes is usually expressed using the value of the 
apparent compressibility ai [9,20] 

where /3, Pa are the adiabatic compressibilities, V 
and V, are sample volumes and C is the molar 
concentration. For very dilute solutions 

(7) 

where M is molecular mass of the dispersed part- 
cles, p. is the density of the solvent and Qv is the 
apparent molar volume of solution, or for specific 
values 

9oI 
-= -[+;+2P\, 
PO 

where ~‘4,~ ‘P\, are the specific apparent com- 
pressibility and volume of solution, respectively. Ab- 
sorption number [a/l] expresses the exponential re- 
duction in the pressure amplitude as the acoustic 
wave travels through a distance of one wavelength. 

2.3. Measurement of density 

The hollow oscillator principle for precision den- 
sity measurement [22] was used to determine the 
apparent partial specific volumes, (p,,, of LP. The 
experiments were performed by means of precise 
densitometer system (DMA 60 and 602, Anton Paar 
KG, Graz, Austria). The specific volumes were cal- 
culated from the densities of the LP solutions p,,, of 
the buffer p,, and the LP concentration, c, according 
to 

[ 

, _ (Pi-PO) 
c 1 

PV' 
PO 

(9) 

Thus. we can see that determination of velocity 
number [u] and specific volume give possibility to 
evaluate apparent specific compressibility of LP (see 
Eq. (8)). 

3. Results and discussion 

The dependence of velocity and absorption of 
ultrasound as well as density of LP on temperature 
was measured in the range of 15-45°C. Results of 
DSC experiments show that the thermotropic be- 
haviour of LP is reversible in this range [6.7]. Fig. I 
shows a linear decrease of velocity number with 
temperature for HDL, and LDL. We can see that the 
values for HDL, are higher than that for LDL. An 
important feature of the function [ ul(~) is the change 
in the sign of [u] at T = 44°C for HDL, and T = 29°C 
for LDL. According to Eq. (4). the change in the 
sign of the parameter [u] and its negative value at 
higher temperatures means that the ultrasound veloc- 
ity in LP suspension is lower than that in buffer. This 
corresponds to increasing of the adiabatic compress- 
ibility coefficient of LP suspension (see Eq. (I)). 
This phenomenon is known from the ultrasonic stud- 
ies of phase transitions in liposome suspensions and 
is due to the critical fluctuations in the order parame- 
ter of biocolloids [34,35]. Absorption numbers [ah] 
for both classes of LP monotonously increased with 
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Fig. I. Dependence of velocity number [u] on temperature: (0) 
HDL,, (0) LDL. Error bars represent S.E. calculated from five 
measurements of the shift of resonance frequencies relative to 
buffer for the marginal experimental pointy of temperature interval 
tested. 
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Fig. 2. Dependence of absorption number [ah] on temperature for 
HDL, (0) and LDL (0). Error bars represent S.E. calculated 
from five measurements of the resonance peak width 1.f for the 
marginal experimental point:, of temperature interval tested. 

increasing temperature (Fig. 2). For LDL, a slight 
nonmonotonous behaviour of the absorption number 
in the region 26-30°C is observed. The differences 
between the values of [u] for LDL and HDL, were 
statistically significant with P < 0.00 1, according to 
Student’s t-test. The differences between the values 
of [ah] for LDL and HDL, were statistically signifi- 
cant only at higher temperatures. above the phase 
transition of LDL (the level of statistical signifi- 
cance. according to Student’s t-test, was P < 0.001 
at T= 45°C). Densities of both classes of LP 
monotonously decreased with temperature (Fig. 3). 
The overall changes in the density with temperature 
were, however. small and do not exceed 3%. These 
results are in agreement with data from Ref. [5] in 
which no significant changes in LDL density have 
been reported at different temperatures. Using Eq. 
(9), we calculated and plotted partial specific vol- 
umes ‘pV of LP as a function of temperature (Fig. 4). 
We can see that parameter ‘pV changes non- 
monotonously with temperature for both classes of 
LP. (The concentrations of LP used in measurements 
of H[u, CXA] and density as a function of tempera- 
ture was 10 mg/ml) These data, together with the 
results from measurements of velocity numbers, re- 
vealed a general tendency: (1) for both class of LP: 
the volume compressibility of LP increases with 
temperature; and (2) volume compressibility is dif- 
ferent for LDL and HDL, (see Table I). Using the 
changes in [u], we can analyse the thermotropic- 

0,976 i __~r~..._. _~. _~_~ 
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Fig. 3. Dependence of density on temperature: (0) HDL,, (0) 
LDL. The S.E. does not surpass 2.5%. 

phase behaviour of LP and compare it with the phase 
behaviour of liposomes. Interestingly, LP and phos- 
pholipids show a typical decrease of [u] below their 
phase transition temperatures as well as changes in 
the sign of [II] are observed. It has to be emphasised 
that most of the free cholesterol in LP is contained in 
their surface and only minor amount of free choles- 
terol is accommodated in the LP core, which contain 
mainly cholesteryl esters. Nevertheless, the LDL 
shows the same monotonic decrease in [u] compared 
to cholesterol-rich phospholipid liposomes [34]. 
Sterol-free phospolipid membranes show a signifi- 
cant change in [u] at the main phase transition 
temperature. For liposomes, as well as, for homoge- 
neous solutions of n-alkanes, the value of [u] has a 
minimum at the critical point, which is connected 
with an anomalous decrease of ultrasonic velocity 

1.3 
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14 18 22 26 30 34 38 42 46 

T ,‘C 

Fig. 4. Dependence of the specific volume ‘p,, on temperature: 
(0) HDL,, (0) LDL. The S.E. does not surpass 2.5%. 
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Table 1 
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Acoustical properties of LDL and HDL, 

ClW T = 25°C T = 37°C 

OfLP [*] 
9V (FI/PC, B [Ii1 9v (PI/PO P 

(IO-’ ml/g) (ml/g) (ml/g) (IO-” Pa-‘) (IO-’ ml/g) (ml/g) (ml/g) (IO_” Pa_‘) 

LDL I .6 k 0.2 I .o + 0.03 0.98 * 0.09 43.6 + 4.3 - 2.3 + 0.2 1.08 * 0.03 1.17 i 0.09 37.0 * 3.9 
HDL i 4.4 * 0.3 0.9 F 0.03 0.75 k 0.06 37.1 f 3.2 I .6 + 0. I 0.95 + 0.03 0.87 + 0.07 39.7 i 3.3 

The values represent mean + S.E. calculated from five independent measurements of LP suspension. 

and with an increase of relaxation time at the phase- 
transition temperature [35]. Liposomes are charac- 
terised by a relatively narrow (N 2-5°C) region of 
dramatic changes in [u] [3.5]. The phase behaviour of 
LP is also characterised by changes in the sign of 
[u], however, the behaviour of [u] is substantially 
different. We did not observe any typical critical 
phenomena characteristics for homogeneous solution 
of phospholipids or a-alkanes. The changes in ab- 
sorption number, together with the clearly expressed 
change in the sign of [u] can be taken as evidence 
that a thermotropic-phase behaviour also takes place 
in LP. However, even for LDL, the results of molec- 
ular acoustics point to broad changes in lipid order- 
ing, with no clearly expressed phenomena character- 
istics for the typical phase transition of the hydrocar- 
bon chains in phospholipids. If we take into account 
possible variations in lipid composition and complex 
inhomogeneous structure of LP [36], then obtained 
broad changes are not so surprising. 

Thus, we found that velocity numbers [u] and 
absorption numbers [ah] are different between LDL 
and HDL,. It is known that the value [aAl repre- 
sents the sum of two processes: (1) Classical, and (2) 
Nonclassical absorption [ 13,371. Classical absorption 
is associated with viscous energy losses and trans- 
port of thermal energy along temperature gradient. 
Nonclassical absorption mechanism is due to ther- 
mal, chemical, and/or structural relaxation pro- 
cesses. The characteristic relaxation times for pro- 
teins lie below [20] and for lipids [37,38] above the 
frequency used in our experiments. It is, however, 
necessary to note that apolipoproteins can induce a 
shift in the relaxation frequency of the colloid sus- 
pension (i.e., at which the absorption per wavelength 
reaches its maximal value). This was, in particular, 
demonstrated for structural relaxation of liposomes 
modified by gramicidin [39]. The exact comparison 

of [ crh] values requires, therefore, the comparison of 
the maximum absorption values for LDL and HDL, 
determined by means of broad band ultrasonic spec- 
trometry. Recently obtained results using the former 
method showed that at a frequency range of l-7 
MHz and temperatures of T = 25 and 37°C the ab- 
sorption number of HDL, is lower than that for LDL 
[40], i.e., this is in agreement with the data obtained 
at a single frequency 7.2 MHz. 

Two main physical processes may contribute to 
[u], namely, compressibility of LP and hydration of 
their surface. In aqueous dispersions. both the pro- 
tein surface as well as the polar phospholipid head 
groups of LP are hydrated. Due to dipole-dipole 
interactions, the hydrated layer represents a rather 
ordered structure, which at temperatures around 20°C 
is characterised by lower compressibility than globu- 
lar proteins and phospholipid bilayers. At higher 
temperatures, the ordering of the hydrated LP shell 
decreases leading to an increase in its compressibil- 
ity. Specific apparent compressibility (see Eq. (8)) 
can be defined as follows [20]: 

(‘0) 

where indexes LP and H represent the contribution 
of LP themselves and their hydration, respectively. 
The total specific apparent compressibility can be 
calculated according to Eq. (8) using measured val- 
ues of [u] and specific apparent volumes (pi, of LP. 
The values of [u] and ‘pV in Eq. (8) represents the 
limiting variables (at c + 0). However, due to the 
practically linear dependence of the difference u - u() 
on concentration in the concentration range studied 
(2-14 mg/ml), the limiting value [u] was simply 
calculated by dividing (U - uO)/uO by concentration 
c. The values of ‘pV also did not practically depend 
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on concentration c. Having [u] and ‘pv, we can 
evaluate the specific adiabatic compressibility (using 
Eq. (8)) of LP. The values of adiabatic compressibil- 
ity of LP can be evaluated using the expression [20] 

where &, is the adiabatic compressibility of the 
solvent. This value has been determined from Eq. (1) 
using the measured value of density, po; velocity of 
ultrasound has been taken from Ref. [21]. The acous- 
tics parameters we determined for two temperatures 
T= 25°C and 37°C. At these temperatures, the adia- 
batic compressibility of solvent was 44.5 X 10-l ’ 
and 43.4 X 10-l ’ Pa- ’ , respectively. The results of 
the calculation of qr/&,, adiabatic compressibility 
of LP, /3 as well as limiting velocity number [n] and 
(pv at T = 25 and 37°C are shown in Table 1. The 
values of ‘pJ& and p are higher for LDL in 
comparison with HDL, at both temperatures. This 
coincides with the higher compressibility of LDL. 
The compressibility of LP also increases with in- 
creasing temperature. This increase is more ex- 
pressed for LDL. However, the overall changes in 
compressibility in the range of the temperature inter- 
val studied, do not exceed 15%. For comparison, the 
changes in volume compressibility for unilamellar 
liposomes during the main phase transition in a 
similar temperature range approaches 30% [34]. It is 
also clear from Table 1 that the parameter most 
sensitive to the structural LP changes is the velocity 
number. This parameter even changes the sign for 
LDL at 37°C. This reflects the decrease in the order- 
ing of the hydrophobic core of LDL due to the 
thermotropic-phase transition. This is in agreement 
with X-ray and neutron small-angle scattering data 
[41]. The values of (pJ& for LP are about one 
order in magnitude higher than that of globular 
proteins [20] and have comparable, but slightly lower 
values, than that of unilamellar liposomes from un- 
saturated fatty acids [42]. 

Let us now compare the hydration effect on the 
values of the specific adiabatic compressibility for 
LDL and HDL,. The hydration of spherical particles 
of basically similar structure and composition should 
be proportional to the area S of the hydrated surface. 
Therefore, ((Pi/&,),, - S/M and the relation be- 

tween hydration and the specific apparent compress- 
ibility of LDL and HDL, is given by: 

where d,_,, = 21 nm, dHDL, = 8 nm are diameters of 
LDL and HDL,, respectively, M,n,, = 2.5 MDa, 
M HLjL. = 0.2 MDa are their molecular weights [l]. 
On the other hand, the relation Eq. (11) for adiabatic 
compressibility gives ( /3LDL//3HDL,)T= 150c = 1.17 

and ( PLDL/PHDL,)r= 370~ = 1 .I 8. We can see that 
the contribution of hydration is in both cases about 
2-fold less, and thus, represents only a minor contri- 
bution to the adiabatic compressibility of the LP 
studied, i.e., the differences in adiabatic compress- 
ibility between both types of LP are determined 
mainly by their structural peculiarities and not the 
compressibility of hydration shells. 

Thus, the measurement of velocity and absorption 
of ultrasound in parallel with the measurement of 
density provides new information on the physical 
properties of LP. Our results show for the first time, 
the capability of the method of molecular acoustics 
as a useful tool for the study of physical properties 
of different classes of LP. 
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