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Detection of DNA hybridization on a liposome surface using
ultrasound velocimetry and turbidimetry methods
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Abstract—19-mer oligonucleotides with oleylamine tethered at 30 and 50 terminal, respectively, were incorporated into unilamellar
liposomes of dioleoylphosphatidylcholine (DOPC). Addition of complementary nucleotide resulted in hybridization with oligo-
nucleotides located on different liposomes and caused liposome aggregation. Significant changes of sound velocimetry and turbidity
were readily observed at 10 nM concentration of the complementary chain.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Detection of oligonucleotide hybridization offers a con-
venient means of determining the presence of specific
gene sequences in solution.1 The various methods that
have been proposed for this purpose include, ampero-
metric,2;3 gravimetric,4–6 optical,7 and surface plasmon
resonance techniques.8 In amperometric, gravimetric,
and surface plasmon resonance methods, the probe, that
is single stranded oligonucleotide (ssDNA), is usually
anchored to the gold surface of a solid electrode or quartz
crystal. Addition of complementary (target) oligo-
nucleotide results in hybridization, that is formation of
double stranded DNA (dsDNA), and as a consequence
changes in the physical properties of the immobilized
DNA film take place that are detected by above men-
tioned methods. Optical methods utilizing ssDNA mod-
ified by a fluorescent dye are applicable for detection of
DNA hybridization at both solid surface or in a volume.

It has been shown that incorporation of target DNA
into liposomes can be very useful for the amplification
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of amperometric detection of DNA hybridization.9 Here
the binding of liposomes loaded with target DNA to the
probe DNA immobilized on a solid electrode resulted in
changes of impedance of the system, that were much
higher in comparison with the binding of free DNA, not
attached to the liposomes. The use of unilamellar lipo-
somes for the detection of DNA hybridization has been
reported by Zhang et al.10 They modified 20-mer probes
of ssDNA using cholesterol at both 30 and 50 terminals,
that allowed them to be incorporate into liposomes
of dimyristoylphosphatidylcholine (DMPC). Addition
of complementary oligonucleotides resulted in precipi-
tation of liposomes or in changes in fluorescence inten-
sity of dyes that were used as indicators of
hybridization.

In this work we applied ultrasound velocimetry and
turbidimetry for the detection of DNA hybridization at
a liposome surface. We incorporated 19-mer ssDNA
into a liposome by means of oleylamine. Thus, ssDNA
was modified by oleylamine either at the 30 or 50 termi-
nal. The colloid systems contained equimolar concen-
tration of liposomes modified by DNA with oleylamine
at 30 and 50 terminals, respectively. Addition of com-
plementary oligonucleotide resulted in aggregation of
the liposomes and changes of hydration of both the lipid
bilayer and DNA, which were then detected by ultra-
sound velocity and turbidity.
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2. Experimental section

2.1. Oligonucleotides

Synthesis of oligonucleotides (ODN) with oleyl-con-
taining residues was carried out on an Applied Biosys-
tems 380B automated DNA synthesizer (USA) by the
phosphoramidite method as described elsewhere.11 20-
Deoxyribonucleoside 50-O-dimethoxytrityl-30-(N,N-di-
isopropylamido)-b-cyanoethyl-phosphites for oligonu-
cleotide synthesis were purchased from Glen Research
(USA); all other reagents for oligonucleotide chemistry
were purchased from Fluka (Germany). The sequences
of the synthesized oligonucleotides are presented in
Table 1. The sequence of oligonucleotide (1) is charac-
teristic of the fragment of the Salmonella typhimurium
gene. An oligonucleotide is complementary to the oli-
gonucleotides modified by oleylamine at 30 (2) or 50 (3)
terminals. The oligonucleotide of the same composition
as (2) and (3) but not modified with oleylamine (4) was
used as noncomplementary ODN.
2.2. Oligonucleotide ligation

Ligation with T4 DNA Ligase (NewEnglandBiolabs,
USA) was carried out at 4 �C overnight, with equimolar
amounts of ODNs and threefold excess of matrix. The
products were identified by relative mobility in PAGE
(20%).
2.3. Liposomes

Large unilamellar liposomes (diameter� 100 nm) were
prepared by an extrusion method according to Mac-
Donald et al.12 using LiposoFast (Avestin Inc., Canada).
The liposomes were formed from diol-
eoylphosphatidylcholine (DOPC) (Fluka, Switzerland).
The concentration of lipids was 2mg/mL. The liposomes
were prepared in 0.1M NaCl + 10mM Tris + 1mM
EDTA (pH7.6). The modification of liposomes by
oleylamine tethered to ssDNA was performed by addi-
tion of the respective oligonucleotides into the liposome
suspension into a final concentration of 1 lM. All
experiments were performed at the temperature
T ¼ 20� 1 �C.
2.4. Turbidity measurement

Aggregation of vesicles following hybridization was
determined turbidimetrically. This method of determi-
nation of the degree of aggregation is based on the
Table 1. Oligonucleotides and oleylamine conjugates

1 30 d-TGG AAC GAC TTT AAA AGG G 50

2 30 d-ColeCC TTT TAA AGT CGT TCC A 50

3 30 d-CCC TTT TAA AGT CGT TCCole A 50

4 30-d-CCC TTT TAA AGT CGT TCC A 50

Cole––Cytidines modified by oleyl residues.
dispersion of light by colloid particles in the system. The
larger the particles, the better the dispersion of light and
the higher the intensity recovered of light. The mea-
surement cell contained the vesicle suspension, a refer-
ence cell was filled with buffer. Target complementary or
noncomplementary ssDNA was added to both, sample
and reference cells. The measurements were carried out
at a wave length k ¼ 555 nm using a spectrofluorimeter
SD2000 (Ocean Optics Inc., USA). Under experimental
conditions no changes of intensity of light with the
presence of only ssDNA or double stranded DNA,
without liposomes occurred. Using the measured
value of light intensity without (I0) and with (I) com-
plementary oligonucleotide, we determined decadic
turbidity

s ¼ �ð1=LÞ logðI=I0Þ; ð1Þ

where L is the optical path length. The quartz optical
cells (Helma, Germany) were thermostated by Ultra-
thermostat U4 (Germany) with accuracy 20± 0.1 �C.
2.5. Ultrasound velocimetry

The measurement of the velocity of ultrasound allows us
to evaluate the elastic properties of aqueous media, such
as liposome, protein or DNA suspensions. This evalu-
ation is based on a simple relationship: b ¼ 1=ðqu2Þ,
where b is coefficient of adiabatic compressibility and q
is the density. In the study of mechanical properties of
solutions, measuring a relative change in physical
characteristics per unit of solute concentration rather
than its absolute value is often more important, precise
and easier.13 The so-called concentration increment of
ultrasound velocity [u] is a convenient parameter that
characterizes changes in compressibility of vesicles and
can be easily determined experimentally. This value is
defined by the relation

½u	 ¼ ðu� u0Þ=u0c; ð2Þ

where u and u0 are the sound velocities in solution and
buffer, respectively, c is the molar concentration of
colloid particles, for example, liposomes. The determi-
nation of the [u] value is based on measurement of
changes of resonance frequency of the acoustic wave
propagated in a small cavity (0.7mL) of the cell con-
taining piezoelectric transducers. It has been shown, that
changes of resonance frequency are proportional to
changes of sound velocity.13 In the experiments we used
a two resonance cell configuration.14 One cell was filled
with sample––liposome modified by single stranded
probe DNA, while the second with buffer. The target
ssDNA was added both to the measured and reference
cell, and the direct effect of ssDNA on the liposome
suspension was measured at frequency� 7MHz. Since
the intensity of the sonic signal in the sample liquid was
very small (the pressure amplitude in the ultrasonic wave
was less than 103 Pa), any effect of the sound wave on a
structural transition of the liposomes was avoided. Cells
were thermostated at T ¼ 20� 0:02 �C with a Lauda
RK 8 CS ultrathermostat.



Liposome

ODN 3 ODN 2

 5’-C ACCTTGCTGAAATTTTCCCpCACCTTGCTGAAATTTTCCC -3’

3’-CTTTAAAAGGG-GTGGAACGA-5’

ODN 1

Figure 3. Scheme of ligation DNA attached to the liposomes.

Description is in the text. ODN 1, 2, and 3 are the oligonucleotides 1,

2, and 3, respectively––see Table 1.
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3. Results and discussion

In a first series of experiments we studied changes of
concentration increment of sound velocimetry [u] of
liposome suspension following addition of complemen-
tary or noncomplementary oligonucleotide. The lipo-
some suspension contained equimolar concentrations of
liposomes modified by DNA with oleylamine at 30 and 50

terminal, respectively. Addition of complementary oligo-
nucleotide resulted in an increase of the [u] value as
shown in Figure 1 (curve 1), where the changes of the [u]
value as a function of the concentration of target ssDNA
are presented. Addition of noncomplementary oligonu-
cleotide ((4), see Table 1) did not result in changes of
sound velocity (Fig. 1, curve 2). We consider that addi-
tion of complementary oligonucleotide into the liposome
suspension is accompanied by liposome aggregation as
schematically presented in Figure 2. According to this
figure, double stranded DNA is formed between the
target oligonucleotide and the two probe oligonucleo-
tides anchored to liposome monolayers by 30 and 50 ter-
minals, respectively, depending on the location of
oleylamine tether. In order to check this assumption we
used turbidimetry, which is known to be sensitive to
liposome aggregation. We found that turbidity decreases
with increasing concentration of the target ssDNA (re-
sults not shown). Addition of noncomplementary ODN
did not result in significant changes of turbidity (results
are not shown). Thus, aggregation of liposomes does
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Figure 1. Dependence of concentration increment of sound velocity,

[u] of liposome suspension composed of DMPC with incorporated

ssDNA tethered with oleylamine at 30 and 50 terminal on concentration

of 1––complementary, 2––noncomplementary oligonucleotide. The

results represent mean±SD obtained on three independent experi-

ments.

Figure 2. Schematic representation of liposomes modified by oleyl-

amine and their aggregation following addition of complementary

oligonucleotides.
appear to occur following addition of complementary
oligonucleotide.

ODNs containing oleylamine moieties introduced into
the surface of liposomes are likely to easily form duplexes
in the presence of complementary DNA in solution. This
fact was confirmed by the enzymatic ligation of two
ODNs containing 50- and 30-terminal oleyl in the pres-
ence of complementary matrix (Fig. 3). For this purpose
T4 DNA ligase was used. The ligated oligonucleotides
were separated from liposomes and analyzed by gel
electrophoresis. The data obtained show that the pres-
ence of liposomes has no negative influence on the effi-
ciency of complementary interactions between ODNs
containing oleyl residues. It was confirmed by the fact
that yields of ligation products obtained in the presence
of liposomes (65%) did not differ from those obtained in
aqueous solutions (65–70%). This fact can be explained
by the presence of large hydrophobic particles in the
solution. It causes the effect of ‘crowded’ solution,15

which had been shown to increase yields of ligation
reactions among two duplexes with blunt ends. It means
also that the presence of liposomes does not have negative
influence on the efficiency of complementary interactions
between oligonucleotides containing oleyl residues.

The mechanism for a decrease in turbidity following
aggregation is known, and is connected with increased
light scattering, that is increase of the intensity I ,
resulting from the formation of large aggregates of
liposomes. The question, however, arises as to what the
mechanism for the increase of the increment of sound
velocity following addition of complementary ODN.
The value [u] can be expressed as:

½u	 ¼ uV � uKS=2b0 � 1=2q0; ð3Þ

where uV––is the specific volume, uKS=2b0 is the molar
specific apparent compressibility, b0 is the coefficient of
adiabatic compressibility of the solvent (buffer) and q0 is
the density of the solvent.13 Thus, the increase of [u],
observed in the experiment can be related to increase of
specific volume or to a decrease of specific compress-
ibility of the lipid bilayer or DNA or both. In addition
to intrinsic volume and compressibility of the membrane
and DNA, the specific volume and compressibility of
hydrated shell surrounding these structures should also
be taken into account. Depending on temperature the
hydrated shell of these structures revealed a different
compressibility in comparison with the compressibility
of free water molecules in buffer. For example, at 20 �C,
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the compressibility of hydrated shell was lower then that
for free water molecules.

Let us first discuss the possible changes of the volume.
Recent experiments on DOPC monolayers at the air–
water interface performed by the Langmuir–Blodgett
technique showed that incorporation of 19-mer oligo-
nucleotide with tethered oleylamine identical to that used
in this study (ODN (2), see Table 1) resulted in an in-
crease in the area per phospholipid molecule and in an
increase of surface tension.16 These changes have been
connected with repulsive forces between the negatively
charged sugar-phosphate backbone of DNA and the
negatively charged phosphate groups of phospholipids.
We have observed the increase of the area per
phospholipid molecules following addition of ODN (2)
by 16%. However, a slight decrease of area (2%) was
observed after addition of complementary ODN (1). The
increase of the area per phospholipid molecule at con-
stant temperature, that is when the conformational state
of the hydrocarbon chains of the phospholipids and
hence also of their length should not change, could be
connected to an increase of specific volume. However, in
the case of hybridization, we observed a decrease of this
value. We therefore assume, that the increase of [u] is not
connected significantly with changes of specific volume.

Let us now discuss the possible contribution of hydration
effects. The contribution of hydration of nucleic acids
and their building blocks to the value of [u] has been
analyzed by Buckin et al.17 The contribution of hydra-
tion to the value [u] for various bases was between 20 and
24mL/mol. These values are comparable with the value
of maximal increase of [u] following addition of the
complementary chain, that is ½u	 ¼ 0:043mL/g¼
0.043mL/g· 670 g/mol¼ 28.8mL/mol (670 g/mol is
molecular weight of DMPC). We therefore assume that
the increase of [u] is mostly due to the changes of
hydration of both DNA and the membrane. The role of
the membrane surface is crucial in these changes. Cer-
tainly, in the case of free DNA in a solution, we did not
observed significant changes of [u] following hybridiza-
tion with complementary chain at comparable concen-
trations, that is 1–100 nM. We assume the following
mechanism that could explain the role of the liposome
surface in changes of hydration. Single stranded DNA
interacts with the liposome surface as has been revealed
by experiments with lipid monolayers even without
presence of divalent cations, considered to be an
important stimulator for the formation of so-called triple
complexes, that is DNA–cation–membrane.18 In the
interaction of ssDNA with lipid monolayers both
attractive and repulsive forces should be considered. The
attractive forces are most probably due to the interaction
of more hydrophobic bases with the membrane, while
repulsive forces occur between the negatively charges
sugar-phosphate backbone of DNA and negatively
charged phosphate groups of phospholipids. ssDNA at
the monolayer surface or at the surface of liposomes is
randomly oriented and due to existence of above men-
tioned forces it is in close contact with the membrane
surface. Addition of the complementary chain, however,
disturbs the above system. The dsDNA has a different
conformation, due to the existence of approximately
50 nm persistent length.19 Considering that 19-mer DNA
has a length of approximately 19 · 0.36 nm¼ 6.8 nm
(0.36 nm is the projection of one base to the DNA axis) it
appears as a hard cylinder orientated perpendicularly or
at a certain angle to the bilayer surface. The changes of
orientation of the DNA cylinder can be provided only by
a certain conformational mobility of the tethered oleyl-
amine. The hybridization of DNA results in detachment
of ssDNA from the membrane surface. Both the DNA
molecules as well as the membrane surface previously
covered by DNA immediately becomes hydrated. These
additional hydration effects, in pure analytical terms,
service to increase the velocimetry response, and con-
tribute to the ability of the system to detect DNA
hybridization at the liposome surface at very low con-
centration of the target, that is 10 nM.
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