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The importance of water in the molecular dynamics "f large unilamdlar vesicle (LUV) suspensions, in which increasing 
portions of the water were replaced by 2H20, was investigated. Determinations of the ultrasonic absorption coefficient 
per wavelength, a~, were pergonned as a function of temperature and frequency for LUVs (LUVs: 4:1 (w/w) mixture 
of dipalmitoy|phosphatidylcholine, DPPC, and dipalmitoylphosphatidyiglycerol, DPPG) in the vicinity of their phos° 
pholipid phase transition, using a double crystaJ acoustic intefferometer. Electron spin resonance (ESR) and differential 
scanning calorlmetry. (DSC) were also employed to probe this system. When increasing portions of the aqueous content 
of the LUV suspensions were replaced by 2H20 the phase transition temperature increased from 42.0°C to 42.9°C 
(indicating an increase in the activation energy of the transition), and the amplitude of a~ at the phase ~rans|tion 
increased. However, a~m. x as a function of frequency at the phase transition did not change with the addition of zH20 , 
indicating that the relaxation time of the event responsible for the absorption of ultrasound was unaffected. The 
increase in the activation energy of the transition with the addition of zHzO suggested that the mobility of 
phospholipids near the membrane/aqueous interface was changed. Electron spin resonance (ESR) experiments on 
LUVs with nitroxide spin probes positioned at the membrane/aqueous interface (5-doxyl stearate and CAT16) showed 
that LUVs in zHzO have a broader splitting, Amax, at the membrane/aqueous interface than do LUVs in HzO. These 
results suggest that ~HzO changes the mobility a n d / o r  structure of the phospholipids in the region of the membrane/  
aqueous interface. This difference in Amx was not seen for the probe PC-12-doxy! stearate, which resides at the C-12 
position of the bilayer. 

Introduction 

Ultrasound is a useful diagnostic and therapeutic 
tool in medicine [1,2]. However, the observed rate of 
ultrasonic absorption in biological systems is relatively 
lfigh and is not accounted for entirely by theories of 
classical ultrasound propagation in bulk media [3]. It is 
therefore important to understand the mechanisms of 
ultrasonic absorption in biological systems to determine 
the safety of diagnostic and therapeutic ultrasound. In 
addition, ultrasound may be used as a probe of molecu- 
lar, cellular, and cell membrane events. Ultrasound can 
make unique contributions to the study of biological 
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membranes because it provides information about the 
mechanical and thermodynamic properties of the cell 
membrane. Dir~t  measurement of the speed of sound 
and determination of the ultrasonic absorption coeffi- 
cient per wavelength, aX, (defined as the exponential 
reduction in the sound pressure amplitude as the acous- 
tic wave travels the distance of one wavelength) can be 
made in biological suspensions and may be analyzed to 
investigate mechanisms of absorption of ultrasound in 
such suspensions. As biological membranes are com- 
plex, the understanding of ultrasonic interaction with 
such membranes may be conveniently investigated by 
using models of cell membranes. Liposomes, including 
MLVs (multilamellar vesicles), SUVs (small unilamellar 
vesicles) and especially LUVs (large unilamellar 
vesicles), in aqueous suspension have been considered 
as model cell systems for studying these phenomena 
[4,5,6]. Large unilamellar vesicles, formed by the reverse 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division) 



284 

phase evaporation method [7] are assumed to be spheri- 
cal, with diameters in the range of 0.2 to 0.8 #m and are 
composed of natural or synthetic phospholipids [4]. The 
relatively simple structure and composition of these 
vesicles, and their association w4th the suspending 
medium, could aid in identifying the events contrib- 
uting to ultrasonic interaction with membranes. 

Previous studies 
Ultrasound has been used to investigate the mechani- 

cal and thermodynamic properties of liposomes 
[4-6,8-11]. Previous ultrasound studies involving lipo- 
somes showed that ah exhibited maxima at specific 
relaxation frequencies [9-11]. The relaxational absorp- 
tion of ultrasound in the vesicle suspensions is presuma- 
bly due to ultrasound coupling to movement of phos- 
pholipids in the vesicle membrane. In MLV and LUV 
suspensions, ah exibited a large increase near the phase 
transition temperature (Tin) of the phospholipids in the 
vesicle membrane [11,12]. In LUV suspensions this peak 
in a~, (in the 1-5 MHz range) is correlated with struct- 
ural changes in the membrane which lead to dramatic 
increases in the permeability of LUV membranes in the 
vicinity of the phase transition temperature. Further 
ultrasonic studies using LUVs composed of DPPC/  
DPPG (4: 1, w/w) have shown that, at the phase transi- 
tion temperature of the LUVs, a maximum in a?~ at 2.1 
MHz occurs, probably identifying a relaxation frequency 
of the medium [4]. 

In this study 2H20 was used to replace H20 in the 
aqueous buffer (in specified proportions) of LUV sus- 
pensions in order to investigate the importance of water 
in the interaction(s) of ultrasound with LUV mem- 
branes. 2H20 was used as a specific variation on water 
structure (see Table I) in order to determine the sensi- 
tivity of ultrasonic absorption to perturbations of the 
membrane/water interface. 

In order to study 2H20 perturbation of LUV suspen- 
sions with a static thermodynamic measure, differential 

TABLE I 

Physical properties of H20 and z HzO 

H20 2H20 

Molecular mass (daltons) 18.016 20.028 [20] 
Cp (cal/8) (4-25 ° C) 1.000 1.028 [201 
H r (kcal/moi) 1.436 1.501 [20] 
Dielectric constant 78.39 78.06 [20] 
m,p. ( o C) 0.0 3.82 [20] 
b.p. ( o C) 100.0 101.42 [20] 
Critical temperature ( o C) 374.2 371.5 [20] 
Density at 25 o C (g/ml) 0.997 1.1044 [20] 
Velocity of sound (m/s) at 20 ° C 1482.9 1384.2 [24] 
Velocity sound (m/s) at 40 o C 1529.3 1433.1 [24] 
Index of refraction 1.333 1.3384 [20] 
Dipole moment (deBye) 1.76 1.78 [20] 
Viscosity (25 o C) (cP) 0.8903 1.107 [251 

scanning calorimetry (DSC) was employed. DSC was 
performed because the temperature dependence of a?~ 
at ultrasonic frequencies near the relaxation frequency 
in LUV suspensions is qualitatively like that of excess 
specific heat, Cp, as determined by DSC. It is important 
to note however, that DSC measures only the static 
thermodynamic variables of this system while ultra- 
sound measurements provide information on the relaxa- 
tion times and therefore the kinetics of the system 
under study. 

Electron spin resonance (ESR) was used as an ad- 
ditional technique to probe changes in the membrane 
caused by 2H20. ESR spin probes, such as nitroxides 
attached to a specific carbon in a stearate molecule, can 
provide information about the membrane structure and 
mobility at different depths [13]. The spectral features 
of different nitroxides were used here to probe dif- 
ferences in LUV membranes in the phospholipid 
headgroup region, at the water-hydrocarbon interface 
and deep inside the hydrocarbon region. 

Materials and Methods 

All standard liposome preparatiol~s were made from 
mixtures of dipalmitoylphosphatidylcholine (DPPC) and 
dipalmitoylphosphatidylglycerol (DPPG), in a 4 : 1  
(w/w) DPPC/DPPG ratio. All lipids were obtained 
from Avant~ Polar Lipids (Birmingham, AL, U.S.A.). 
The DPPG, whose headgroup has a net negative charge 
at pH 7.4, is thought to inhibit liposome aggregation 
and fusion due to surface repulsion of liposomes [6]. 
Samples of DPPC and DPPG (100/tg) gave single spots 
on thin-layer chromatograms (silica gel G developed 
with CHCI3/CH3OH/H20 (64 : 24 : 4, v/v), visualized 
with 12 vapor). Crystalline 1-fl-D-arabinofuranosylcyto- 
sine (ara-C) and N-2-hydroxyethylpiperazJne-N'-2- 
ethanesulfonic acid (Hepes) were purchased from Sigma 
Chemical Company (St. Louis, MO, U.S.A.). Tritiated 
cytosine arabinoside, 3[H]Ara-C, (64 mCi/mg, 98% pure 
by thin-layer chromatography) was purchased from 
Amersham Corporation (Arlington Heights, IL, U.S.A.). 
Ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA) 
was purchased from Sigma Chemical Company. Hepes- 
buffered saline (buffer) was composed of 10 mM Hepes, 
139 mM NaCl, 6 mM KCI, and distilled water, using 10 
M NaOH to adjust the pH to 7.4 at room temperature. 
Deuterium oxide (99.8 tool%) was purchased from Sigma 
Chemical Company. Nitroxides, 5- and 12-DS (4,4-di- 
methyloxazolidine-N-oxyl derivative of 5- and 12-keto- 
stearic acid); and CAT16 4-(N,N-dimethyl-N-hexa- 
decyl)amino-2,2,6,6-tetramethylpiperidine-N-oxyl were 
purchased from Molecular Probes (Junction City, OR, 
U.S.A.) and PC-12-DS (1-palmitoyl-2-(12-doxyl 
stearoyl)phosphatidylcholine) was purchased from 
Avanti Polar Lipids. Fig. 1 shows the structures of these 
molecules. 
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Fig. 1. The structures of the nitroxide-labelled molecules used in this 
study: 5-DS, 4,4-dimethyloxazolidine-N.oxyl derivative of 5-keto- 
stearic acid; PC-12.DS, l-palmitoyl-2-(12-doxyl stearoyl)phosphati- 
dylcholine; C A T I 6 ,  4 - ( N ,  N-dimethyI-N-hexadecyl)amino-2,2,6.6-te- 

tramethylpiperidine-N-oxyl. 

L i p o s o m e  preparat ion  

Standard large unilameUar vesicle (LUV) prepara- 
tions were made from mixtures of DPPC/DPPG in a 
4 :1  (w/w) ratio, and were prepared by the reverse 
phase evaporation method based on the work of Szoka 
and Papahadjopoulos [7]. Dry lipids (100 rag DPPC, 25 
mg DPPG) were dissolved in an organic solution of 8 
ml isopropyl ether and 4 ml chloroform. At a tempera- 
ture (50* C) well above the T m of 42.0 ° C, 4 ml of the 
buffer dilution (30 mosM Hepes buffer adjusted to 300 
mosM with Ara-C) were added. The inclusion of Ara-C 
resulted in a larger population of LUVs with a narrower 
size distribution than the same LUVs prepared in Hepes 
buffer [14]. The mixture was then sealed under N 2 gas 
and sonicated for approx. 2 rain, forming an emulsion. 
The emulsion was transferred to a rotary evaporator, 
where reverse phase evaporation, i.e., preferential re- 
moval of the organic phase, took place, with vigorous 
foaming and venting. The aqueous phase which 
evaporated was then replaced to result in 5.0 ml final 
volume, and the suspension was dialyzed at approx. 
9 o C. This process results in the production of distribu- 
tions of liposomes having an average diameter of 0.21 + 
0.01/tm (S.E.) and ranging in size from 0.10 to 0.43/xm, 
as determined from electron micrograph preparations of 
suspensions. The average concentration of phospholipid 
in the preparation was 25.0 + 0.1 mg/ml  (S.E.), using 
the Bartlett phosphorus assay [15]. Samples of the origi- 
nal suspensions were diluted to 2 mg/ml  phospholipid 
in buffer for acoustic measurements. This is referred to 
as a standard LUV suspension. The only difference in 
the preparation of 2H20 LUV suspensions as compared 
to standard LUV suspensions is that the H20 in the 
aqueous component of the suspension was replaced 
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with deuterium oxide. Electron micrographs showed no 
significant difference in the size distribution of these 
two LUV populations. In the subsequent dilution to 2 
mg/ml,  varying ratios of 2H20 /H20  were used. 

A p p a r a t u s  

The acoustic interferometer used in this study is 
based on the design of Labhardt and Schwarz [16] and 
consists of two identical X-cut quartz transducers (di- 
amete r=  1 inch, fundamental frequency, ffunO = 4.0 
MHz), positioned coaxially and parallel 5.5 mm apart 
forming the end walls of the measuring cell. One of the 
tran~dacers is excited electrically at a predetermined 
CW frequency to transmit ultrasonic waves through the 
fluid medium. The other transducer receives the sound 
wave and converts it into an electrical signal. The 
electrical input to the transmitting transducer is ob- 
tained from a synthesized signal generator (HP 8660B, 
Hewlett-Packard, Palo Alto, CA, U.S.A.), and the stable 
power drive is maintained by the HP 86601A RF sec- 
tion. The electrical output from the receiving transducer 
is monitored by a spectrum analyzer (HP 85521, HP 
8553B). Ultrasonic intensities of less than 1 t tW/cm 2 
are used, which is many orders of magnitude below that 
needed to produce cavitation or a significant tempera- 
ture increase [6]. The entire system resonates acousti- 
cally at certain input signal frequencies. The mechanical 
quality factor Q of this resonance is related to the 
acoustic absorption per wavelength by [5]: 

~ /  Q = ~rA / / f o  = aX 

where a is the amplitude absorption coefficient per unit 
path length, ah is the absorption per wavelength, h, 
and z~f is the 3 dB bandwidth of the resonance, viz., the 
difference in the two frequencies for which the output 
power of the signal is one-half that at the resonance 
frequency f0, and Q is the quality factor f o / A f .  

The excess absorption due to the presence of LUVs 
in the suspension is obtained by subtracting the absorp- 
tion coefficient of the reference buffer from that of the 
entire ensemble (refere,ce buffer plus LUVs). For this 
situation, in which the acoustic velocity and impedance 
of the suspension are virtually the same as that of the 
reference buffer, diffraction correction is unnecessary 
[2]. The excess absorption is: 

( a~,), ..... = lr ( ,af  - z~/,a ) / fo 

ESR measurements were performed at X-band (9.5 
GHz) on a Varian E-109 ESR spectrometer. The tem- 
perature of the sample was controlled by a Varian gas 
flow system using nitrogen. Spectra were recorded in a 
standard first derivative mode with 100 kHz modulation 
and a microwave power of 5 roW. Data were collected 
and stored as arrays of 1024 points per spectrum with a 
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PC computer [17]. The hyperfine splittings, i.e. the 
positions of the peaks were determined by expanding 
the spectral feature of interest using the computer 
(estimated error 4- 0.3 G for 100 G scans). 

Ultrasound measurement procedure 
LUV suspensions were made with varying per- 

centages of H20 in the aqueous portion replaced by 
2H20. With each of the mixtures, 2H20 constituted 
(molar volume) 0, 20, 50, 80, or 100% of the aqueous 
portion of the suspension. In these experiments LUVs 
were prepared in 2H20 or H20 buffer and were subse- 
quently diluted into mixtures of 2H20 and H20 buffer 
to give the final 2H20/H20 ratios. The results for these 
experiments depended only upon the final 2H20/H20 
ratios, and were not significantly affected by the solvent 
used (2H20 or H20 buffer) for LUV preparation. The 
excess absorption coefficients, a~/c, (c = concentration 
in g/ml; estimated a?~/c e r ro r -  0.0l ml/g) of these 
LUV suspensions were determined as a function of 
temperature and frequency. The temperature was varied 
from 35°C to 46°C, while at each temperature the 
measurement frequency was varied from 0.64 to 5.2 
MHz. 

The temperature of the interferometer was main- 
rained to within 4-0.05 C o during data collection by 
immersion of the interferometer ensemble in a tempera- 
ture controlled water bath (Exacal 500 with Endocal 
350 refrigeration unit, and DCR-4 temperature Digital 
Controller, Neslab, Portsmouth, NH, U.S.A.). At least 
30 min were allowed for the thermal stabilization of the 
interferometer after each temperature change. During 
the experiment remixing was performed to ensure that 
the LUV suspension was not experiencing liposome 
aggregation or fusion. Settling was not observed, as 
evidenced by the lack of change in a~/c over time at 
any one temperature, and the lack of change in a~/c 
after remixing of the suspension. 

The calorimetric transition enthalpy (AHcal) was de- 
termined by comparing the area of the a?~/c versus 
temperature curve with the area under a standard LUV 
a?~/c curve, whose calorimetric enthalpy had been de- 
termined by differential scanning calorimetry (DSC). 
The Van't Hoff enthalpy AHvx (cal/mol) of the transi- 
tion may be calculated using the thermal width of the 
ultrasonic absorption coefficient from [6]: 

A,/'/VH = ~'~ T2t~ATI/2 

These enthalpies may be used to determine the cooper- 
ative unit of the transition AHv./AHc~t [4]. 

DSC procedure 
The DSC-2 (Perkin-Elmer, St. Louis, MO, U.S.A.) 

was used to obtain the specific heat at constant pres- 
sure, Cp, versus temperature on 50 ~tl samples of LUV 

suspensions. The LUV suspensions in this study were 
25.0 mg/ml phospholipid and the temperature range 
studied was 22 ° C to 52 ° C. 

ESR procedure 
In order to study more closely the dynamic interac- 

tion of 2H20 in LUV suspensions with the phospholi- 
pid bilayer, LUVs made in 2H20 (where 2H20 is the 
only aqueous component of the buffer solution) were 
investigated with ESR spin label probes. Lipid soluble 
nitroxides (5-DS, PC-12-DS, 12-DS or CATl6 ) were 
added to the 2H20 LUV suspensions at a 
phospholipid:probe ratio of 100:1 to avoid spin-spin 
broadening. This was achieved by drying the probe on 
the bottom and sides of a culture tube (with N 2 gas), 
and then adding the freshly prepared liposomes and 
vortexing to ensure complete mixing. The probe parti- 
tioned into the organic phase of the LUV suspension, as 
was seen in the observed ESR signal, indicative of a 
probe incorporated into the hydrophobic phospholipid 
bilayer [13,18]. The resulting LUV suspensions were 
then separated into two groups. One group was kept 
stored under nitrogen (these are referred to as 2H20 
LUVs). The second group was dialyzed against ordinary 
buffer to replace the 2H20 with H20 (referred to as 
H20 (LUVs). Determinations of the anisotropic maxi- 
mal splitting, Amax, (see Fig. 7) as a measure of nitro- 
xide mobility were made both as a function of aqueous 
composition (H20 versus 2H20 in the buffer) and tem- 
perature from 20 o C to 48 o C. 

Results 

Ultrasound and DSC results 
Differential scanning calorimetry measurements of 

LUV suspensions prepared in 95-100% 2H20 buffer 
showed a thermotropic phase transition qualitatively 
similar to that of standard LUV suspensions, with the 
exception that the phase transition temperature was 
43 ° C, compared to 42°C for standard LUVs, as seen in 
Fig. 2. 

The results of ultrasound measurements in LUV 
suspensions with varying percentages of 2H20 buffer 
(where H20 buffer is replaced with eH20 buffer) are 
given in Table II. Some interesting points were noted. 
For an LUV suspension whose aqueous component 
consisted of 95-100% 2H20 (Fig. 3), the a?~/c versus 
temperature curve exhibited a shape qualitatively simi- 
lar to that of a standard LUV curve, with a sharp peak 
of AT1~2 of 1.8 + 0.1 C ° (as is seen in LUV suspen- 
sions). However, two differences were noted. First, the 
phase transition temperature, Tin, was increased to 42.9 
+0.1°C in 2H20 preparations, compared to 42.0°C 
seen in standard LUV suspensions. Second, A Hca z of 
this measurement, as determined by the area beneath 
the aX/c versus temperature curve, was approx. 10-20% 
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TABLE II 

Characteristics of the lipid phase transition determined from ultrasound absorption coefficiem measurements in LUV suspensions with varying 
percentages of "1t20 

AHcat was obtained by comparison of the area under an aX/c versus T (o C) curve of known enthalpy. The Van't Half enthalpy was calculated 
from the width of the ultrasound aX/c peak at one-half its maximum height. The cooperative unit wa~ estimated from the ratio of the Van't Hoff 
enthalpy to the calorimetric enthalpy. Estimates of error are given for each value. 

LUV composition 
DPPC/DPPG (4:1, w/w)  0% 2H20 20% 2H20 50% 2H20 50% 2H20 50% 2H20 80% 2H20 100% 2H20 
2H20 or  H20 preparation a 2 0  2H20 2H20 H20  H20 H20 2H20 

Tm(°C)  42.0+ 0.1 42.8+ 0.2 42.0±0.2 42.0+0.2 43.0+0.2 
43.0:k0.1 43.0+0.1 

AT1~ 2 (C °)  1.6+ 0.2 2.3+ 0.2 - - - 

AHvH(kcal/mol) 428 +21 299 +15 - - - 
AHcat (kcal/mol) 7.5+ 0.2 6.3+ 0.6 6.2+0.6 7.6:i:0.8 7.6+0.8 
Cooperative unit size 57 + 4 48 + 4 - - 

42.8± 0.2 42.9± 0.l 

2.0 + 0.2 1.7 + 0.2 
344 +17 405 +21 

9.4+ 0.9 9.7+ 0.9 
37 + 3 42 + 3 

401 A. 
3.0 

2.0 

1.0 

0.0 01 
B. 

3.0 

2.0 

1.0 

0.0 

_ _ .  II II I~ ! II 

32 37 42 47 52 

TEMPERATURE (°C) 
Fig. 2. DSC measurement of Cp versus temperature of LUVs in: (A) 

100% 2H20 buffer (Tin = 43 ° C); (B) H20 buffer (T m --- 42 ° C). 

greater than that normally seen in standard LUV sus- 
pensions (see Table II). This was not in agreement with 
DSC measurements which showed a non-significant dif- 
ference in enthalpy between the two types of LUVs 
(Fig. 2). This suggests some difference in the enthalpy 
determined by ultrasonic absorption measurements and 
by DSC measurements. 

Standard LUVs diluted into 2H20 buffer (resulting 
in at least an 80% 2H20 aqueous component) showed a 
curve close to that of LUV suspensions with 95-100% 
2H20, with a transition temperature of 42.9+ 0.1°C. 
However, the curve showed a decreased amplitude and 
a slightly broadened peak, suggesting a biphasic nature 
in the curve with some of the phospholipid undergoing 
transition below 42.9°C (ATI/2 -- 2.0 C ° ) (Fig. 3). 

The aX/c versus temperature curve for LUVs di= 
luted into a 2 H 2 0 / H 2 0  buffer mixture so as to produce 
a 1 : 1  2 H 2 0 / H 2 0  (+570) ratio for the aqueous compo- 

0.80 

& . . . . . . .  & 80% 2H20 

~. ~ 100% =HaO B L  
O - - - O  100%2H20 [ 1 ~  0.60 

O I X 

Z t 

u 0.40 / /  

0.20 

0.00 , m - , . l • m , I - ' - 

34.0 36.0 38.0 40.0 42.0 44.0 46.0 48.0 

TEMPERATURE (°C) 

Fig. 3. Effects of 2H20 addition on ~x~/c versus temperature at 3.1 
MHz of LUVs in 100% H20, 100% 2H20 and 80% 2H20. The 

estimated error in a)~/c is +0.01 ml/g.. 

0.30 

0.20 

P 

0.10 ,'" .~ . , .4  

0.00 I , | m | ! II n l , 
14.0 36.0 38.0 40.0 42.0 44.0 46.0 48.0 

TEMPERATURE (°C) 

Fig. 4. The solid line represents aX/c versus temperature of LUVs, in 
1:1 Z H 2 0 / H 2 0  buffer. The broken lines represent two simulated 

peaks, at 42.0 o C and 43.0 o C, respectively. 
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Fig, 5. ak/c versus temperature in: (A) 0.1/tin fihe~cd LUVs in 1 : 1 2 H , O / H : O  buffer; (B) 0.2/~m filtered LUVs in 1 : 1 2H20 /H20  buffer. 

nent of the suspension, is seen in Fig. 4. 4,'r'/~( i ~.as less 
than that of standard LUV suspensions. The cleariy 
biphasic nature of this curve suggested two superim- 
posed curves, with peaks at 42.0 °C and 43.0 o C, each 
representing decreased cooperativity (compared to 
standard LUV curves). This may be due to the interac- 
tion of a smaller cooperative unit of phospholipids with 
a given distinct aqueous domain. This curve has been 
decomposed into two curves as is shown in Fig. 4. These 
two peaks may represent the phase transitions of single 
phospholipids or groups of phospholipids interacting 
with groups of H20 or :H20 molecules, respectively. 
While the timescale of the interaction of single water 
molecules aud phospholipids is too short to be detected 
by ultrasound in the megahertz frequency range, it is 
possible that the LUV membranes cause a difference in 
the partitioning of the two aqueous types, and that 
these domains at the membrane surface may have life- 
times observable by ultrasound. However, two other 
possible explanations for this phenomenon were consid- 
ered. 

The possibility exists that the inside and outside 
bilayers may have experienced different effects in 
: H 2 0 / H 2 0  mixtures. While the 2H20 concentration 
inside the LUVs was not different from that outside the 
LUVs, it is possible that some feature of the charge 
distribution on the inside of the bilayer may have been 
different than that on the outside bilayer. This is remote 
given that the inside/outside phospholipid ratio for 
bilayers of this diameter is nearly unity. The main 
evidence against this is that the two peaks, covering 
roughly equal areas, were only seen with the 1:1 
2H20/H20 mixture. As noted before, the LUV suspen- 
sions in 80~; 2H20 showed a main peak at 42.9°C with 
the suggestion of some phosphollpid undergoing transi- 
tion below 42.9°C. This suggests that the biphasic 
nature of the ,,~/c versus temperature curve is depen- 
dent upon the 2HeO/H20 ratio, and not on the pres- 

ence of" an inside/outside d~tference in the LUV bi- 
layers. + 

The possibility also exists that the biphasic nature of 
the curve in the 1:1 mixture of H20 and 2H20 was 
depeadent upon a partitioning of the two aqueous types 
to distinct subpopulations of the liposomes. As the 
liposome preparations were homogeneous in all aspects 
except for size (as a range of sizes exists for a given 
liposome suspension), size distributions may have 
accounted for the biphasic nature of the curves. In 
order to study this possibility, LUV suspensions of 
different size populations were investigated. LUV sus- 
pensions were made and were then filtered into two 
groups, those extruded through a 0.2 /Lm filter and 
those extruded through a 0.1 /Lm filter. These suspen- 
sions were then (in different experiments) diluted into a 
mixture of 2H20/H20  buffer to give, within 5%, a 1 : 1 
2H20/H20  ratio. The results seen in Fig. 5 and Table 
II show that although the ah/c versus temperature 
curves of these different size LUV populations were 
slightly different, the clearly biphasic nature of the 
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Fig. 6. aX/c versus temperature of LUVs in 20~ 2H20 buffer. 
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curve, with a broad maximum at 42.0 *C and a sharper 
peak at 43.0 °C was still seen. This suggested that it was 
2H20 and/or  H20 interacting with individual phos- 
pholipids or small groups of phospholipids, that caused 
a biphasic curve to be seen. However, the distinct peak 
observed at 42.0 °C in the first two preparations was 
not seen in the 0.1 #m filtered LUVs, suggesting per- 
haps that some feature of the LUV size may have 
affected slightly their interaction with water or de- 
uterium oxide. 

LUV suspensions prepared such that 2H20 made up 
at least 20% of the aqueous component of the suspen- 
sion produced ultrasonic ak/c values nearly that of 
LUVs in 80% 2H20 buffer, with a Tm of 42.8 + 0.2°C 
(Fig. 6) and ATt/2 = 2.3 C 0, which was slightly broader 
than that seen in 100% or 80% 2H20 buffer LUV 
suspensions. The enthalpy, however, was not as large as 
that seen in pure 2H20 LUV or standard LUV suspen- 
sions (see Table II). It is important to note that in all of 
these experiments the relaxation frequency of the phase 
transition, as determined by ultrasound, remained 2.1 
MHz. This result suggests that 2H20 does not change 
the kinetics of the molecular event that is perturbed by 
ultrasound. 

ESR results 
The broad spectra in Figs. 7B-D are typical for a 

nitroxide probe immobilized within the membrane [18] 
while the spectrum in Fig. 7A is characteristic for 
rapidly tumbling nitroxides in water. The anisotropic 
maximal splitting, Area ~, for different probes within the 
membrane of LUVs is often used as a measure of the 
fluidity of the bilayer at different fatty acyl positions 
[13]. The Area x of the labels is greater for labels whose 
nitroxide group is placed at the membrane surface than 
for those labels whose nitroxide group is located within 
the hydrophobic region of the phospholipid bilayer, in 
the order CAT16 > 5-DS > PC-12-DS, in agreement with 
observations for many other membranes [13,18]. Thus if 
2H20 affects membrane structure and/or  mobility in 
LUV suspensions, ESR probes at different membrane 
levels may be used to determine the site(s) of that 
perturbation. 

The results of 5-DS experiments at 20 °C are given in 
Figs. 7C and 7D. The experiments at 20 ° C showed that 
Ama ~ for 5-DS was increased in 2H20 LUV suspensions 
compared to H20 LUV suspensions. The ESR results 
showed this trend also with increasing temperature, 
although the difference between the Ama x in 2 H 2 0  

versus I-I20 did decrease as the temperature was 
increased until, at 48.0°C (5 C ° above Tin), no signifi- 
cant difference in Area x w a s  observed between the two 
samples (see Table III). These results suggest that aque- 
ous structure is important in the phospholipid dynamics 
near the membrane/aqueous interface, even to the level 
of the fifth carbon atom of the fatty acyl chains. 

A. 
H20 

Ao 

J 5"DS 
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k AmQx 
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Fig. 7. ESR spectra showing: (A) Ao of free nitroxides in solution; (B) 
Am, ~ of nitroxides in membranes; (C) Am,~ of 5-DS in LUVs at 
20°C in H20-Hepes buffer; (D) Area ~ of 5-DS in LUVs at 2 0 ° C  in 

2 H 20-Hepes buffer. 

The nitroxide portion of C A T I 6  is located in the 
aqueous compartment, at the membrane-aqueous inter- 
face. CAT~ experiments showed a small difference in 
A,~x between 2H20 and H20 LUVs at 20°C but 
showed no significant difference in Am:,x in 2H20 aque- 
ous phase versus H20 aqueous phase at higher tempera- 
tures, suggesting that the difference in phospholipid 

TABLE III 

ESR data 

Am~ ~ of LUVs in 2H20 buffer are compared to LUVs in H20  buffer, 
as a function of temperature, below and above the phase transition 
temperature of the LUV suspensions. The estimate of error of these 
measurements is 0.3 gauss. 

T ( o C) A m~ (gauss) 

H20  LUVs 2H20 LUVs 

22 59.7 62.3 
25 58.0 60.0 
29 57,8 59.1 
33 55.9 57.6 
39 48.6 49.5 
42 43.2 43.9 
43 - 43.0 
44 41.7 42.2 
48 41.3 41.3 
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mobility at higher than room temperature is not signifi- 
cant at the phospholipid headgroup region of the mem- 
brane/aqueous interface. 

In contrast to the 5-DS, the same experiment using 
PC-12-DS showed no sigmficant difference in the Ama x 

of PC-12-DS in 2H20 versus H20 buffer, suggesting 
that although aqueous structure is important in de- 
termining lipid dynamics and structure near the mem- 
brane/water interface, it is not important (on ESR 
timescales of 10 -s s) for lipid dynamics deeper in the 
lipid bilayer. Previously, 12-DS was incorporated into 
the LUV bilayer. However, at temperatues below T m, 
12-DS in LUV suspensions partitioned in both the 
membrane and in water, giving the free (aqueous) 
nitroxide spectrum superimposed on the spectrum from 
the probe in the membrane. These lines caused prob- 
lems in the estimation of maximum splitting. Moreover, 
partitioning of 12-DS was different for 2H20 compared 
to H20. Therefore, PC-12-DS was used instead as a 
probe of the hydrophobic bilayer, and gave no visible 
free nitroxide signal. 

Discussion 

In order to determine the site of ultrasound interac- 
tion in LUV suspensions, different regions of LUV 
structure are perturbed, and the corresponding changes 
to the frequency dependence of a?~ at T m are observed. 
Three general aspects of the LUV susgension are easily 
modified: (1) the aqueous component of the suspension, 
(2) the polar headgroup region of the phospholipid 
bilayer, and (3) the hydrophobic region of the bilayer. 
Perturbation of these regions, and any corresponding 
changes in a~ as a function of temperature and espe- 
cially frequency, may indicate effects on the molecular 
event to which ultrasound couples. Ultrasound studies 
employing LUVs have shown that the incorporation of 
substances such as gramicidin into the LUV membranes 
changes the temperature and frequency dependence of 
a?~ [4], while addition of other substances, such as 
divalent cations, affects the phospholipid phase transi- 
tion but does not change the frequency dependence of 
a~. These findings suggest that only substances that 
interact with the LUV suspension at a specific site or 
sites may directly perturb the rate of the molecular 
event responsible for the absorption of ultrasonic en- 
ergy [4,19]. 

The physical properties of 2H20 are only slightly 
different from those of H~O (see Table I). However, 
small differences in molecular properties may cause a 
perturbation in the normal aqueous interaction with 
individual phospholipids. 2H20 is more structured than 
H20 and it is known that there exists a hydration shell 
that interacts with phospholipid headgroups at the 
membrane/water interface [20]; however the molecular 
dynamics of the interaction between phospholipids and 

water molecules has not been described and therefore 
the effects of ZH20 on the dynamics of phospholipid 
molecules and/or  their carbon side chains are not 
known. It is known that replacement of H20 by ZH20 
in specific biological systems has a profound effect on 
those systems. Specifically, 2H20 is known to depress 
the excitation-contraction coupfing in frog skeletal 
muscles and other experiments have suggested the pos- 
sibility that ZH20 influences the mechanism underlying 
Ca 2+ release from the sarcoplasmic reticulum induced 
by depolarization at the transverse tub,.;les [21,22]. If 
2H20 perturbs the LUV bi!ayer or the lipid bilayer 
phase transition and also perturbs a,k as a function of 
frequency, then the membrane/water interface could be 
a site of interaction of ultrasound and LUVs. 

It is shown in these experiments that 2H20, as the 
aqueous component of LUV suspensions, affects the 
phospholipid phase transition, as association with 2H20 
causes at least a subpopulation of the phospholipids to 
have an increased Tin, to 42.9 :t:0.1°C from 42.0°C. 
The 1:1 mixtures of H20 and 2H20 clearly create a 
biphasic nature in the phospholipid phase transition 
curve. This may be due to random association of single 
phospholipids with domains of 2H20 or H20 mole- 
cules, which also results in decreased cooperativity of 
the two components seen in the transition. These results 
suggest that the replacement of H20 with 2H20 does 
cause a change in the LUVs, specifically to their phase 
transition temperature. It is important to note that the 
a~ma x of 2.1 MHz for standard preparation LUV sus- 
pensions is not changed with the replacement of H20 
by 2H20 in the aqueous buffer of LUV suspensions, 
suggesting that 2H20 does not interact with the site of 
ultrasound absorption in LUV membranes. 

As the activation energy of the phase transition is 
increased by a substance that should only affect the 
membrane surface, it is hypothesized that the structure 
and mobility of the phospholipids at the membrane/ 
aqueous interface are changed. In order to study the 
mobility of the LUV membrane at a specific position at 
the membrane/aqueous interface, ESR nitroxide probes 
are used, and should detect any changes in mobility of 
the phospholipids caused by the addition of 2H20 in 
LUV suspensions. 

ESR results indicate that 2H20 changes the phos- 
pholipid side chain mobility near the membrane/water 
interface (to the level of carbon-5) but that it does not 
significantly affect side chain mobility in the hydro- 
phobic (carbon-12) region of the bilayer. The isotropic 
splitting constant, A0, of a nitroxide in solvent (Fig. 
7A) is dependent only upon the polarity of that solvent, 
and Ao for rapidly tumbling nitroxides dissolved in 
~H20 is the same as in H20. Therefore the difference in 
Am~, seen in the 2H20 and H20 LUV suspensions is 
unlikely to originate from the direct interaction of the 
probe with solvents of different polarity. Furthermore, 
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in the LUV suspensions, the difference in Area n de- 
creases as temperature increases, suggesting a depen- 
dence on some factor other than polarity ~ the solvent. 
Therefore it seems that the difference in Area ~ reflects 
changes in the structure of the bilayer. Greater A max for 
5-DS and CAT16 in 2H20 LUV suspensions as com- 
pared to H20 LUV suspensions indicates a more re- 
stricted mobility of the probe, i.e., a less fluid mem- 
brane in the polar head group regions. 

However, the differences in Area x Of 5-DS and CATt6  
in the H20 and 2H20 LUV suspensions could be a 
consequence of the different water penetration in the 
LUV bilayer for these two aqueous types, which could 
occur in addition to the differences in phospholipid 
mobility. It has been shown that water penetrates into 
lipid bilayers to a significant distance, so that 5-DS is 
affected by the aqueous solvent [23]. Increased Area x in 
2H20 LUVs might then indicate increased water 
penetration, i.e. a more polar environment of the probe. 
PC-12-DS is in the nonpolar environment and is not 
sensitive to water penetration. These effects can be 
distinguished by recording the spectra at very low tem- 
peratures where the effects of motion disappear [23]. 

Regardless of the exact origin of the increased A ma~ 
of nitroxides in the 2H20 LUV suspensions, it can be 
concluded that the increased splitting reflects changes 
in the structure of the bilayer. Also, these changes are 
significant in the polar headgroup region and extend a 
few angstroms into the hydrocarbon region, as is seen in 
the 5-DS spectra. 

Based on this information a model for the perturba- 
tion and general interaction of 2H20 with phospholi- 
pids in the LUV membrane may be formulated: It is 
given that H20 is situated at the aqueous/membrane 
interface to allow the most stable energy configuration 
of the phospholipids and the water molecules and other 
solvent molecules. The exact nature of this configura- 
tion has not been treated, but it has been assumed that 
the dipolar water (1.76 deBye) has van der Waals and 
dipole interaction with the zwitterionic DPPC moiety 
and with the negatively-charged DPPG headgroups. 
This configuration allows for a certain mobility (fluid- 
ity) of the entire phospholipid moiety, the headgroups 
and the hydrocarbon chain near the membrane/water 
interface in particular. When H20 is replaced by 2H20, 
a different molecule with an increased molecular weight 
and increased dipole moment (1.78 deBye), a different 
low energy configuration at the membrane-water inter- 
face must form. It is likely that not only does each 
2H20 molecule take up a slightly different geometry at 
the membrane/water interface, but also that the bond 
strength of the 2H20 with those molecules with which it 
interacts is greater than that of water. This would cause 
the membrane phospholipids to be more ordered, sug- 
gesting a lower mobility at the membrane/water inter- 
face (as observed in ESR experiments). It would also 

suggest that a greater activation energy would be re- 
quired for the phospholipid gel to liquid-crystalline 
phase transition to occur. These effects were observed 
in our experiments. 

In order to investigate further the interaction of 
2H20 with the lipid bilayer a careful study of the effects 
of 2 H 2 0  o n  a series of doxyl stearate nitro,tides (e.g. 
5-DS, 7-DS, 9-DS, etc . . . .  ) could be performed to pro- 
vide an estimation of 2H20 penetration into the lipid 
bilayer (as compared to  H 2 0  ) and of the magnitude of 
its effects at different depths of the bilayer. Another 
useful technique in the study of  2 H 2 0  effects on the 
bilayer would be t3C-NMR, which could provide an 
estimate of fatty acyl mobility in the bilayer on NMR 
timescales. As there are 13C-labelled lipids, no probe 
needs to be inserted into the membrane. 

2 H 2 0 : H 2 0  mixtures in LUV suspensions might also 
be studied with ESR and NMR in order to determine 
whether the effects of 2 H 2 0  on  the phospholipid bilayer 
are linear with increasing concentration as determined 
by these techniques. Finally deuterium itself is of inter- 
est, as deuterated lipids and proteins are often used in 
deuterium NMR measurements. It would also be of 
interest to measure the ultrasonic absorption coefficient 
per wavelength of specifically-deuterated ph,ospholipids 
as a function of temperature and frequency and to 
study these lipids using NMR and ESR as well. 

Acknowledgements 

The authors acknowledge gratefully partial support 
of this work by NIH Grant GM 12281 and by NIH 
Grant RR-01811. We also wish to thank Dr. Terrance 
Smith, of the University of Illinois Food Science De- 
partment, for the use of the DSC-2 differential scanning 
calorimeter. 

References 

1 Kossoff, (i. and Fukuda, M., eds., (1984) Ultrasonic Differential 
Diagnosis of Tumors, Igaku-Shoin, New York. 

2 Chaussy, C., Sctaniedt, E., Jocham, D., Schueller, J., Brandl, fi. 
and Liedl, D. (1984) Urology 23, Suppl. 5, 59-66. 

3 Dunn, F., Edmonds, ED. and Fry, W.J. (1969) in Biological 
Engineering, 6th Edn. (Schwan, ed.), pp. 205-332, McGraw-Hill, 
New York. 

4 Strom-Jensen, P.R., Magin, R.L. and Dunn, F. (1984) Biochim. 
Biophys. Acta 769, 179-186. 

5 Maynard, V.M. (1984) Ultrasonic Absorption by Liposomes Near 
the Phase Transition as a Function of Diameter, Ph.D. Thesis, 
University of Illinois. 

6 Maynard, V.M., Magin, R.L. and Dunn, F. (1985) Chem. Physo 
Lipids 3% 1-12. 

7 Szoka, F., Jr. and Papahadjopoulos, D. (1978) Proc. Natl. Acad. 
Sci., USA 75, 4194-4198. 

8 Eggers, F. and FuncL f. (1976~ Naturwissenschaften 63, 280. 
9 Gamble, R.C. and Schimmel, P.R. (1978) Proc. Natl. Acad. Sci. 

USA 75, 3011. 
10 Hammes, G.G. and Roberts, P.B. (1970) Biochim. Biophys. Acta 

203, 22O-227. 



292 

11 Harkness. J.E. and White, R.D. (1979) Biochim. Biophys. Acta 
552, 450. 

12 Sano, T., Tanaka, J., Yasunaga, T. and Toyoshima, T. (1982) J. 
Phys. Chem. 86, 3013-3016. 

13 Jost, P., Libertini, L.J., Herbert, V.L. and Griffith, O.H. (1971) J. 
Mol. Biol. 59, 77-98. 

14 Magin, R.L., Hunter, J.M., Niesman, M.R. and Bark, G.A. (1986) 
Cancer Drug Delivery 3, 223-237. 

15 Bartlett, G.R. (1959) J. Biol. Chem. 234, 466-468. 
16 Labhardt, A. and Schwar~ G. (1976) Berlin Bunsenges. 80, 83-92. 
17 Morse, P.D. II (1987) Biophys. J. 51, 440a. 
18 Morse, P.D. lI (1985) in Structure and Properties of Cell Mem- 

branes (Benga, G., ed.), Vol. 3, pp. 195-220, CRC Press, Inc., 
Boca Raton, FL. 

19 Ma, L.D., Magin, R.L. and Dunn, F. (1987) Biochim. Biophys. 
Acta 902, 183-192. 

20 The Merck Index (1983) 10th Edn., p. 425, Merck & Co., Inc., 
Rahway, NJ. 

21 Sato, Y. and Fujino, M. (1987) Japan J. Physiol. 37, 149-153. 
22 Fan, S.-F., Dewey, M.M., Colflesh, D. and Chu, B. (1985) Bio- 

chim. Biophys. Aeta 830, 333-336. 
23 Griffith, O.H., Dehlinger, P.J. and Van, S.P. (1974) J. Membr. 

Biol. 15, 159-192. 
24 American Institute of Physics Handbook (1963) 2nd Edn., pp. 

3-79, McGraw-Hill, New York. 
25 Coe, J.R. and Godfrey, T.B. (1944) J. Appl. Phys. 15, 625. 


