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ABSTRACT: Attachment of DNA to the surface of different
solid nanoparticles (e.g,, gold and silica nanoparticles) is well
established, and a number of DNA-modified solid nanoparticle
systems have been applied to thermal denaturation analysis of
oligonucleotides. We report herein the noncovalent immobi-
lization of oligonucleotides on the surface of soft nanoparticles
(i, liposomes) and the subsequent controlled assembly by
DNA triple helix formation. The noncovalent approach avoids
tedious surface chemistry and necessary purification proce-
dures and can simplify and extend the available methodology
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for the otherwise difficult thermal denaturation analysis of complex triple helical DNA assemblies. The approach is based on lipid
modified triplex forming oligonucleotides (TFOs) which control the assembly of liposomes in solution in the presence of single-
or double-stranded DNA targets. The thermal denaturation analysis is monitored by ultraviolet spectroscopy at submicromolar
concentrations and compared to regular thermal denaturation assays in the absence of liposomes. We report on triplex forming
oligonucleotides (TFOs) based on DNA and locked nucleic acid (LNA)/DNA hybrid building blocks and different target
sequences (G or C-rich) to explore the applicability of the method for different triple helical assembly modes. We demonstrate
advantages and limitations of the approach and show the reversible and reproducible formation of liposome aggregates during
thermal denaturation cycles. Nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS) show independently from
ultraviolet spectroscopy experiments the formation of liposome aggregates.

B INTRODUCTION

Hybridization assays based on thermal denaturation experi-
ments are widely used tools for the understanding of
fundamental structural changes during hybridization of
oligonucleotides. Experimental data, such as thermal denatura-
tion temperatures and characteristic curve shapes obtained by
monitoring the thermal cycling of DNA double or triple helices
by spectroscopic methods,” are of importance for the
development and improvement of diagnostic assays® > (e.g.,
for detection of single nucleotide polymorphisms, deletions, or
insertions).>>

Whereas thermal denaturation analysis is established as a
standard tool for characterization of double helices, the thermal
denaturation analysis of triple helical structures is limited by the
nature of triplex forming oligonucleotides (TFOs) and can be
complicated due to, e.g., lack of thermal transitions for triplex
melting,6_9 or overlap between triplex and duplex melting
transitions.!°~!® Furthermore, self-association by one or more
of the strands®” ™" to form, e.g, i-motifs,* 20722 parallel
homoduplexes,®”'#**** and guanine quartets,”® can also give
rise to thermal transitions. It would therefore be of great
interest to differentiate alternative motifs and self-complemen-
tary sequences from the formation of triple helices in a simple
denaturation assay. We recently reported the DNA-controlled
assembly of soft nanoparticles (liposomes) by DNA-duplex
formation. DNA strands modified at both ends with lipophilic
substituents are able to induce aggregation of liposomes upon
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formation of double helices with unmodified, complementary
strands.>>*° The assembly process requires only one terminally
modified probe strand and results in highly sequence specific
assembly of liposomes, which can be used as a simple readout
system during thermal denaturation experiments. Standard
thermal denaturation experiments monitor the hyperchromatic
behavior of oligonucleotides as optical readout and con-
sequently require oligonucleotides in micromolar concentra-
tions," whereas the assembly of liposomes is based on the
scattering of light, requires only nanomolar concentrations, and
is not limited to specific wavelengths.*****? The extension of
this strategy to a much more complex system using triple
helices to assemble liposomes (Figure 1) will be described here.
We have focused on analytical applications for thermal
denaturation assays and investigated important parameters of
the TFO design such as probe sequences (G or C-rich), and
alternative DNA building blocks (i.e., locked nucleic acids —
LNA versus DNA) but not further investigated the morphology
of the resulting aggregates. This was justified by earlier
investigations by us which have shown that the individual
liposomes remain largely unaltered during the reversible
assembly process; no DNA-induced liposome fusion occurs
for our lipid-modified DNA-probe design (probe length >8-
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Figure 1. Schematic representation of DNA-controlled assembly of
liposomes by triple helix formation. Oligonucleotides (red, blue, and
yellow ribbons) and liposomes (gray spheres) are not drawn to scale.
A number of triple helices are necessary to hold two liposomes
together (not shown for simplicity).

mers) and no content leakage is observed (Ca’*/arsenazo III
assay).>>%¢

Triple helices can be formed when a triplex-forming
oligonucleotide (TFO) binds in the major groove of a double
helix with an appropriate sequence (one homopurine and one
homogyrimidine strand) by formation of Hoogsteen base
pairs,”” and can be classified as parallel or antiparallel
depending on the orientation of the TFO relative to the
purine-rich strand of the duplex. For parallel triplexes, the TFO
is pyrimidine-rich and bound by Hoogsteen hydrogen bonds.
The formation of triplexes containing a large amount of T X A-
T and C* X G-C triplets is dependent on pH due to the need
for protonation of cytidine,”® but G X G-C trgplets can also be
part of a TFO with parallel orientation.”* > Antiparallel
triplexes are formed with a purine-rich TFO and contain G X
G-C, A X AT, or T X AT triplets stabilized by reverse
Hoogsteen hydrogen bonds.*® Triplex structures have
previously been used for assembly of gold nanoparticles by
using a hairpin duplex and a TFO both attached to gold
nanoparticles,*”** a TFO split into two LNA- and 5-
methyldeoxycytidine modified oligonucleotides attached to
gold nanoparticles, and an unmodified duplex’® or two gold
nanoparticle modified oligonucleotides, one unmodified
oligonucleotide, and triplex—binders.34 Also, single-walled
carbon nanotubes covalently attached to oligonucleotides
have been assembled by triple helices in the presence of the
triplex formation inducer coralyne.>> However, assembly of
nanostructures using three strands without triplex-binders or
assembly of soft nanoparticles (liposomes) has not previously
been reported. Furthermore, this is to the best of our
knowledge also the first example of triplex-mediated assembly
of nanoparticles using only one modified strand (namely the
TFO) and an unmodified duplex target.

B EXPERIMENTAL PROCEDURES

Reagents. All reagents and solvents were purchased
commercially and used without further purification. Milli-Q
water was used in all experiments. Unmodified oligonucleotides
were purchased from Sigma-Aldrich.

Instrumentation. Modified oligonucleotides were synthe-
sized on an Expedite 8900 nucleic acid synthesis system
(Perceptive Biosystems Inc.). HPLC purification of oligonu-
cleotides was performed on a Dionex Ultimate 3000 with a
DIONEX Acclaim C18 3 um 300 A reverse phase column.
Mass spectra were recorded on a Bruker Daltonics microflex
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LT MALDI-TOF. Liposomes were extruded with a LIPEX
Extruder (Northern Lipids). Thermal denaturation studies were
carried out on a Varian Cary 100 Bio UV-visible
spectrophotometer or a Varian Cary 3E UV-—visible spec-
trophotometer with a Peltier controlled 6 X 6 sample changer
and Cary WinUV software. Dynamic light scattering was
measured using a Brookhaven BI-200SM with a 632 nm laser
diode. Nanoparticle tracking analysis measurements were
performed with a NanoSight LM10-HS equipped with an
Andor Lucas EMCCD camera and a LMI4 temperature
controller and a laser diode operated at 404 nm. The data was
analyzed using the NanoSight NTA 2.1 software.

Synthesis of Oligonucleotides. The lipid modified
phosphoramidite was synthesized and incorporated in
oligonucleotides as previously described.>>*® The synthesized
oligonucleotides were purified as previously described.*® Briefly,
the HPLC system was used with UV detection at 260 nm and a
flow of 1 mL min~" with the following gradient program for
lipid-modified oligonucleotides: 2 min isocratic with 0.05 M
triethylamine ammonium acetate (TEAA) (buffer A) followed
by a 8 min linear gradient to 70% 1:3 H,0:MeCN (buffer B),
which was increased to 100% over 20 min and then continued
for 30 min. LNA-modified oligonucleotides without lipid
modifications were purified using the following gradient
program: 2 min isocratic A, followed by a 38 min linear
gradient to 50% B. The identity of the synthesized
oligonucleotides was verified by mass spectrometry (Support-
ing Information).

Preparation of Liposomes. 1-Palmitoyl-2-oleyl-sn-glycero-
3-phosphocholine (POPC) was suspended in 20 mM sodium
cacodylate buffer, 110 mM NaCl, 10 mM MgCl,, pH 6.0 at a
concentration of 10 mM. The solution was extruded 10 times
through double polycarbonate filters with a SO nm pore size
using compressed N, (20—40 bar).

Tn Measurements. Thermal melting curves were obtained
by recording the absorbance of samples at 260 nm as a function
of the temperature from 15 to 90 °C at a rate of 0.5 °C min™"
for measurements with liposomes and from 10 to 90 °C at a
rate of 1 °C min~" for measurements without liposomes. Prior
to melting experiments, an annealing step consisting of heating
the samples once to 90 °C and then cooling to the starting
temperature at a rate of 10 °C min~' was performed. For
measurements with liposomes, the same samples were
repeatedly heated and cooled 3 times, and before each cycle
the samples were kept at 15 °C for 30 min. For measurements
without liposomes, the samples were kept at 10 °C for 30 min
before the measurements were started. The melting temper-
atures were determined as the maximum of the first derivative
of the melting curves for measurements without liposomes and
as the minimum for measurements with liposomes. The
melting temperatures were recorded in 20 mM sodium
cacodylate buffer with 100 mM NaCl, 10 mM MgCl,, and
pH 5.0, 6.0, and 7.2. A concentration of 1.0 uM of the duplex
target was used for measurements without liposomes, and 0.05
and 0.1 #M was used for measurements with liposomes. In all
measurements with three strands, 1.5 equiv of the TFOs were
used, and for measurements with only two DNA strands,
equimolar concentrations of the two strands were added. For
measurements with only lipid-modified TFOs with liposomes,
DNA concentrations of 0.05, 0.75, 0.1, and 0.15 uM were
tested. For thermal denaturation experiments with liposomes,
liposomes were added to a final POPC concentration of 0.5
mM. All melting temperatures (Supporting Information) are
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reported with an uncertainty of +1 °C as determined from
multiple experiments. However, melting temperatures for lipid-
modified oligonucleotides without liposomes are reported with
greater uncertainty due to the broad and nonideal melting
curves often obtained for such oligonucleotides.60

Dynamic Light Scattering. Samples containing 0.1 yM
double helix, 0.15 uM TFO, and liposomes (0.5 mM POPC) in
20 mM sodium cacodylate buffer with 100 mM NaCl, 10 mM
MgCl,, and pH 5.0 were heated and cooled repeatedly three
times as described for T, measurements before use for dynamic
light scattering measurements. Each sample was prepared and
measured in duplicate.

Nanoparticle Tracking Analysis (NTA). Samples were
heated and cooled repeatedly three times as described for T,
measurements. Due to the relatively low particle concentration
necessary for NTA (10°-10° particles/mL), the samples were
then diluted 20-fold with buffer (20 mM sodium cacodylate
buffer with 100 mM NaCl, 10 mM MgCl,, and pH 5.0) prior to
measurements, except for samples containing three different
DNA strands (triple helices) which were diluted 50-fold. The
measurements were carried out at 20 °C and with 2049 frames/
120 s capture duration. All samples were prepared in duplicate
and each of these samples was measured twice. The recorded
videos were analyzed using a minimum expected particle size of
50 nm, a screen gain of 3, 3 X 3 blur, and a detection threshold
of 5 for samples containing no, one, or two different
oligonucleotide strands and a detection threshold of 20 for
samples containing triple helices. For all analytical methods
used, a number of control experiments have been performed to
exclude unspecific aggregation of POPC liposomes by the
buffer used; none of the control experiments have shown
aggregation of liposomes.

B RESULTS AND DISCUSSION

In the system presented here, the TFOs are modified with lipid
substituents at both ends, and consequently no surface
chemistry is needed, as the TFOs will adhere to the liposome
surface when mixed with these without the need to purify the
resulting nanoparticle—oligonucleotide conjugates. As the
TFOs are noncovalently attached to the liposomes, they can
move freely on the surface of the membranes as reported for
vesicles tethered by DNA to supported lipid bilayers*®*”** and
the attachment of the oligonucleotides to the liposomes does
not affect their ability to hybridize with complementary
sequences.”>***® Furthermore, the noncovalently attached
oligonucleotides are expected to be more accessible, less
restricted in respect to overall movement, and less sterically
blocked than covalently bound oligonucleotides. Since only the
TFO is modified, it is only necessary to synthesize one
modified oligonucleotide to be able to test, e.g,, other sequence
designs. The lipophilic modification used for the experiments
presented here consists of two palmityl chains attached to a
crown ether scaffold (X, Scheme 1) and can be inserted in
oligonucleotides by the phosphoramidite method in high
yield.*

The principle of the assembly is analogous to the principle
described for liposome-assembly controlled by DNA duplex
formation,”? but for the triplex-controlled liposome assembly,
the highly increased steric demands and charge accumulation
require the assembly principle to be very robust and a very
strong driving force for the assembly to occur (Figure 1). TFOs
modified with membrane anchors at both ends adhere (anchor)
strongly to the surface of liposomes. This adhesion of the
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Scheme 1. Structure of Membrane Anchor X and DNA
Sequences for Duplex Targets and TFOs

Duplex targets:

16D 3'-TTTTCTTTTCCCCCCT
5' -AAAAGAAAAGGGGGGA
47D 3" ~CATCTAGAATCGGTGAAAAA C CCCCCCTGACCTTCCCGA

5'-GTAGATCTTAGCCAC TTAAAAGAAAAGGGGGGACTGGAAGGGCT

Triplex forming oligonucleotides:

TFO-C  5'-TTTXTTTTCTTTTCCCCCCTXTTT
TFO-G  5'-TTTXTTTTCTTTTGGGGGGTXTTT
TFO-C,. 5 =TTTXTTETTCTTTTECCCCCCTIXTTT
TFO-GL 5 L -TTTXTTETTCTTTTCGGGGGGTXTTT
e N e
O N
X = _R —
o o N
NN NN NN

membrane anchors is a dynamic and generally reversible
process, but the four hydrophobic alkyl chains (two at each end
of the TFO) ensure that the oligonucleotides are irreversibly
attached (attachment is concentration independent for bivalent
anchoring).é1 However, the lipid chains at either end of the
TFO are able to leave the membrane partially and thus enable
hybridization to occur. The irreversible attachment (practically
no partitioning into solution for bivalent membrane anchoring
with two membrane anchors>) of lipid-modified oligonucleo-
tides has been shown in comprehensive studies earlier”*" and
further substantiated by liposome assembly studies with
membrane anchor X on immobilized bilayers.”> When an
oligonucleotide duplex with a sequence appropriate for triplex
formation is added, the lipid-modified TFO binds in the major
groove of the duplex. The resulting triple helix is very rigid, for
which reason it is no longer possible for the membrane anchors
at both ends of the TFO to be anchored to the same liposome.
One of the ends will therefore adhere to another liposome
during triplex formation resulting in formation of liposome
aggregates. Hybridization induced formation of interliposomal
linkages (liposome aggregation) is caused by continuously
increased pull by the target oligonucleotide duplex while
hybridizing to the membrane anchored probe, resulting in a
final detachment of one of the terminal double anchoring units
(X). A number of triple helices are needed to link two
liposomes as seen for double helices from calculations based on
DNA concentrations in solution and literature reports on
DNA-controlled assembly of gold nanoparticles.’®> The
formation of the aggregates is a reversible process and the
aggregates disassemble when heated to above the melting
temperature of the triplex, but are reformed upon cooling. As
the aggregates are significantly larger than the individual
liposomes, they scatter light considerably more, and this
property can be utilized to follow the assembly and disassembly
process, e.g, by UV spectroscogsy or dynamic light scattering
(DLS) at different wavelengths. 26

A sequence related to the human immunodeficiency virus
(HIV) type 1 polypurine tract (PPT) was chosen as duplex
target, as this sequence is known to participate in triple helix
formation, and both the 16-base pair long tract*’ (16D) as well
as a longer sequence with overhangs4 (47D) were tested
(Scheme 1). To evaluate both a pH-dependent and
—independent TFO, two different probe sequences were
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Figure 2. Second heating curves for TFO-C and TFO-C in the presence of liposomes (black curve in parts b, ¢, f, g) and with one (blue curve) or
two strands (red curve) from duplex target 16D at different values of pH. (a) DNA sequences for TFO-C used in parts b—d: (b) heating curves for
measurements at pH 5.0, (c) at pH 6.0; (d) comparison of triplex measurements at three values of pH. (¢) DNA sequences for TFO-C, used in
parts f—h: (f) heating curves for measurements at pH 5.0, (g) at pH 6.0; (h) comparison of thermal transitions for triplexes at different pH values.
Before the first cycle, the samples were annealed. For all measurements, liposomes with @ of ~65 nm (0.5 mM POPC) and 100 nM of
oligonucleotides were used, except for measurements with three strands, where 150 nM of the TFO was added.

synthesized and modified with membrane anchors, namely, a
cytidine rich sequence®**™* (TFO-C) and a guanine rich
sequence (TFO-G),”**** which both are known to form

triplexes with the PPT and to bind parallel to the duplex.*”*°

In
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addition, TFOs with similar sequences but with locked nucleic
acid (LNA) thymidines (T") inserted in the sequence were
synthesized (TFO-C; and TFO-G.) (Scheme 1), as LNA is
known to increase the stability of triple helices.'******
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The ability of the modified TFOs to induce liposome
assembly by formation of triple helices was tested by mixing the
appropriate DNA-strands with liposomes (@ ~65 nm),
annealing the sample, and monitoring the apparent absorption
as a function of temperature at 260 nm. As liposome aggregates
scatter the light considerably more than individual liposomes,
less light will reach the detector, and as a result, the sample will
have a large apparent absorbance compared to the individual
liposomes.

When the sample is heated to a temperature above the
denaturation temperature of the DNA-structure linking the
liposomes, the aggregates break down to individual liposomes,
and the apparent absorbance decreases.”**° Thermal transitions
will only be observed when structures containing the lipid-
modified TFO melt and consequently release the other
strand(s) from the TFO.

For this reason, the breakdown of other structures, e.g., the
melting of the unmodified duplex or of structures resulting
from self-association of unmodified single strands, which can
complicate the analysis of conventional thermal denaturation
experiments with triplexes, will not obscure the thermal
dissociation curves. For the data presented here, 100 nM of
the DNA duplex and 150 nM of the TFO were used.
Experiments with only half the concentrations gave the same
results, but with reduced apparent absorbance. In contrast to
other experiments involving triplex formation, measurements
were started as soon as the oligonucleotides and liposomes
were mixed together, without a delay for hours or days or
prolonged cooling for hybridization to occur. Only a relatively
fast annealing step followed by 30 min at 15 °C was performed
before the actual measurements.

A transition was observed when the short duplex 16D and
TFO-C were mixed with liposomes and heated at pH 5.0 and
6.0. However, when the same samples were cooled and heated
again, an even larger difference in the apparent absorbance
between the aggregates and the liposomes was seen, ie., the
observed transition of the thermal dissociation curve became
even more pronounced when the samples were heated a second
time (Figure 2b,c). Cooling and heating the samples a third
time did not result in any further changes, indicating that the
equilibrium was reached within two cycles (Supporting
Information). The need for repeated heating and cooling
cycles before equilibrium is reached can be caused by the
formation of competing structures due to self-association of one
of the strands and indicates that some preorganization of the
system is necessary. The same phenomenon has been observed
to a much smaller extent for DNA-controlled assembly of
liposomes by duplex formation.”> The observed transitions
demonstrate the feasibility of liposome aggregation controlled
by the formation of triple helices, even though this requires the
liposomes to be relatively close to each other and held together
by a complex nucleic acid structure. The enormous steric
demands of the triplex structures as interliposomal linkers and
the accumulation of charged oligonucleotides are no hindrance
for the reversible formation of liposome aggregates. Further-
more, the drastic change in the apparent absorbance associated
with the assembly of liposomes allows detection at nanomolar
DNA concentrations using a standard UV/vis spectropho-
tometer. The hydrophobic modification, X, does not influence
the ability of the oligonucleotides to form triple helices (which
was also observed for conventional thermal denaturation
experiments in the absence of liposomes, Supporting
Information) and liposome aggregation is not impeded by
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the often slow kinetics of triplex formation.**~*” To verify that
the observed transitions were due to liposome assembly
controlled by triplex formation and not a result of formation
of other structures, experiments were carried out with the
modified TFOs alone and together with only one strand of the
duplex. As expected, no transitions were seen for any of the
TFOs in the absence of other oligonucleotide strands,
consistent with results obtained for other lipid-modified
strands.”® However, for the C-rich TFO (TFO-C), transitions
of lower apparent absorbance were observed when the purine-
rich strand from the duplex 16D (5'-AAAAGAAAAGGGG-
GGA) was present at pH 5.0 (Figure 2b) (equimolar
concentrations of the strands were used) and to a lesser extent
at pH 6.0 (Figure 2c). This finding was unexpected, but can be
due to the formation of a parallel duplex'®*** which can
apparently also be used for liposome assembly.

The assembly of gold nanoparticles using only two of the
strands from a triple helix has previously been observed and
was ascribed to the similarities of two of the sequences used
(sequence overlap),>* and this could also be the case in this
setup, i.e,, two TFO strands could form a triple helix together
with the unmodified purine-rich strand (two lipid-modified
complementary strands can also cause liposome aggregation,
unpublished results) (Supporting Information). However, since
the similarities between the TFO and the pyrimidine-rich
strand of the duplex (3'-TTTTCTTTTCCCCCCT) consist of
a maximum of nine nucleosides and the melting temperature of
the formed structure is very similar to the dissociation
temperature of the structure formed with the full duplex 16D
(Figure 2b), this indicates that the same base pairs (or base
pairs of similar strength) are responsible for both structures.
The melting temperatures for parallel duplexes have however
been found to be lower than the melting temperature for the
corresponding triplexes.'® At pH 6.0, the transition observed
with only two strands was less pronounced and occurred at a
lower temperature than at the lower pH (Figure 2b,c) which
indicates that protonation of cytidines is required for the
formation, consistent with the formation of Hoogsteen base
pairs and a parallel duplex.*®** As expected, no significant
thermal transitions were observed at pH 7.2, as cytidines need
to be protonated for the TFO to be able to form a triplex.””*’
Comparison of the thermal dissociation curves (heating curves)
for the triple helix at the three values of pH (Figure 2d) clearly
shows that the thermal dissociation temperature (melting
temperature) of the structure is pH dependent and is stabilized
at lower pH.*

The corresponding LNA-modified TFO, TFO-Cy, was also
able to induce liposome aggregation by triplex formation at pH
5.0 and 6.0, but for this LNA-modified TFO, the formation of a
parallel duplex was less significant (Figure 2f,g). This can be
due to introduction of LNA, as LNA-containing triple helices
are structurally different from triple helices consisting of only
DNA nucleotides.*5%°! At pH 6.0, the formation of a structure
consisting of only two strands was also insignificant compared
to the transition observed at pH 5.0 and especially to the
thermal transition for the triple helix (Figure 2g). Also for this
TFO, only a very weak transition was observed at pH 7.2 and
the thermal dissociation temperature again proved to be
inversely dependent on pH (Figure 2h). Comparison of the
thermal dissociation curves for TFO-C and TFO-C; show that
incorporation of LNA nucleotides increase the dissociation
temperature as reported in the literature.***
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Figure 3. Size distribution for liposomes and liposome aggregates at pH 5.0 determined by DLS for TFO-C (a) and TFO-C_, (b). Before DLS
measurements, the samples had been repeatedly heated and cooled three times as described for samples used for UV spectroscopy. For all
measurements, liposomes with @ of ~65 nm (0.5 mM POPC) and 100 nM of oligonucleotides were used, except for measurements with three

strands, where 150 nM of the TFO was added.

For clarity, only the heating steps from the measurements are
shown in the above figures, but the cooling steps often resulted
in a transition at a lower temperature. This hysteresis may
indicate that the system was not in equilibrium, but is more
likely a result of the different processes causing the transitions:
when the samples are cooled, the triplexes and consequently
also liposome aggregates are formed, but when the samples are
heated, the aggregates break down in a highly cooperative
process,”” whereas reassembly will be at a slower rate and with
a much broader transition compared to the disassembly
(melting) process. However, the same dissociation temperature
was always observed using the same heating or cooling rate. As
for liposome aggregation caused by the formation of double
helices,”>*® the observed thermal transitions are very sharp
compared to conventional thermal denaturation experiments
without liposomes." Sharp thermal transitions have also been
reported for assemblies of DNA-functionalized gold nano-
particles®® and were ascribed to a cooperative process resulting
from several DNA strands linking the nanoparticles and the
change in local salt concentration upon melting.>> The same
observations are likely to be valid for the system described here;
the thermal dissociation results in sharp transitions of the
heating curves, as the initial melting of the DNA-linkers
destabilizes the remaining DNA-linkers and thereby accelerates
disassembly of the aggregates. The melting temperature is
decreased during melting for the remaining DNA-linkers due to
a decrease in the local salt concentration.>® Furthermore, the
dispersion of the nanoparticles/liposomes, which are forced
close together (~5 nm) in the assemblies, is another
contributing factor. The lower concentration limit for the
formation of liposome aggregates by triple helical oligonucleo-
tide linkers depends on the dissociation constants of the
respective triple helix. A solution of extruded POPC liposomes
(1 mL, 65 nm size, 0.05 mM POPC) contains about 1.17 X
10" liposomes (polydispersity is not taken into account) and,
on average, 515 TFO-probe strands are anchored to each
liposome assuming an equal statistical distribution (100 nM
DNA concentration; for equations used, see Supporting
Information). Assuming a typical dissociation constant for
triplex formation in the low micromolar range (e.g, S uM),
only 2% triplex formation is required to achieve liposome
assembly at 100 nM TFO probe concentration, which
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corresponds to an average of 10 triple helices linking two
liposomes. The influence of the dissociation constants can be
seen for TFO-C compared to the LNA-modified TFO-Cy;
TFO-C;, shows a sharper melting transition than TFO-C,
which is assumed to correspond to a larger number of triple
helical linkers between two liposomes which is consistent with
LNA’s ability to stabilize triple helices with a lower dissociation
constant.** The broader transitions for TFO-C are consistent
with the model from Schatz et al. which has shown that
assemblies of gold nanoparticles become much broader with a
decreasing number of linking oligonucleotides due to the
decrease in the local salt concentration.>®

Conventional thermal denaturation experiments in the
absence of liposomes (1 uM DNA was used, except for
measurements with three strands where 1.5 yM of the TFO
was added) revealed more complex transitions for the chosen
sequences, as not only were parallel duplexes observed, but for
both TFO-C and the strand from the duplex with a similar
sequence (5-TTTTCTTTTCCCCCCT), thermal transitions
were observed for the single strands (i.e,, when no other DNA
strands were present). This was not seen for TFO-C,, but was
not unexpected, as the C-rich sequence has been reported to
self-associate,* probably due to the formation of an i-
motif.?"*** The formed ’structure” was dependent on
protonation of the cytidines and had a higher melting
temperature at low values of pH (Table 1, Supporting
Information), as observed for i-motifs.'"*"** However, no
transition was seen in thermal denaturation experiments with
liposomes (Figure 2b,c), suggesting that the formed structures
are not able to induce liposome assembly or that the self-
association of the oligonucleotide does not happen at the 10—
20-fold lower concentration used for liposome experiments as
compared to the standard thermal denaturation experiments.
This observation suggest a further advantage of the low
nanomolar concentrations which is sufficient for these
experiments, as the (intermolecular) self-association of
oligonucleotides can be less pronounced at low concentra-
tions.'®

It is a clear advantage over conventional thermal denatura-
tion analysis that self-aggregation of single-stranded sequences
or the formation of other structures of higher order (e.g, the
duplex to single strand transition), which do not involve the
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Figure 4. Liposome assembly monitored by NTA at pH 5.0. (a—c) Snapshots from videos used for nanoparticle tracking analysis of liposomes
without added nucleotides (a), liposomes with TFO-C and duplex 16D (b), and liposomes with TFO-C, and duplex 16D(c), (d,e) particle-size
distribution profiles of liposomes and liposome aggregates for TFO-C and TFO-C,, respectively, (normalized data) at pH 5.0 as measured by
nanoparticle tracking analysis. Before NTA measurements, the samples were repeatedly heated and cooled three times as described for samples used
for UV spectroscopy. For all measurements, liposomes with @ of ~65 nm were used. 5 nM oligonucleotides and 0.025 mM POPC were used for
samples containing one or two strands, whereas 2 nM duplex, 3 nM TFO, and 0.01 mM POPC were used for measurements with three strands.

TFO, do not obscure the thermal denaturation analysis during
triplex-controlled assembly of liposomes. Furthermore, by this
method it is possible to investigate the formation and behavior
of triple helices at low nanomolar DNA concentrations as the
aggregate dissociation is accompanied by a large decrease in
signal intensity. The observed transitions therefore are due to
the difference in size between the individual liposomes and the
liposome aggregates”>?® and not the change in absorbance
accompanying duplex denaturation like in conventional thermal
denaturation experiments."”>* Even though the thermal
dissociation processes are monitored at 260 nm, the
concentration of DNA in the samples is too low to be detected
in these experiments.”>?® As the apparent change in absorption
is due to light scattering, it is possible to monitor the assembly/
disassembly process at a broader range of wavelengths than can
be used for conventional thermal denaturation experiments.
Moreover, the thermal dissociation curves are reversed as
compared to conventional thermal denaturation profiles,*>*
which makes it easy to distinguish the different transitions. In
addition to UV-spectroscopy, two independent and comple-
mentary methods were used to analyze the aggregate
formation; Dynamic light scattering (DLS) is an established
method for bulk analysis of liquid samples and measures the
fluctuations in the intensity of the light scattered from the
particles in a sample due to their Brownian motion,> whereas
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nanoparticle tracking analysis (NTA) is a single particle
tracking method which relies on the light scattered from
individual particles to track the displacement (in two
dimensions) due to the Brownian motion of each particle.”**’

Both methods then use the Stokes—Einstein equation to
calculate the hydrodynamic diameter of the particles, but
whereas the output from DLS is an intensity based size
distribution,”® NTA gives a particle size distribution based on
the number of observed particles.’® The formation of liposome
aggregates was tested by DLS for TFO-C and TFO-C at pH
5.0 (Figure 3). For both TFOs, no difference in the size
distribution between liposomes without added oligonucleotides
and liposomes in the presence of TFO (green and black curves,
respectively) was seen, again demonstrating that liposome
aggregation cannot be induced by the single stranded TFOs
alone. When the purine-rich strand of the duplex was present,
the measured average particle size was increased (blue curve)
indicating the formation of liposome aggregates due to the
formation of a parallel duplex. However, even larger aggregates
were formed with the full duplex (red curve), further
supporting the proposed liposome assembly by triple helix
formation. Whereas samples used for UV-spectroscopic
measurements could also be used for DLS measurements,
dilution (20- or 50-fold depending on the nature of the sample)
of samples used for thermal denaturation experiments was
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Figure 5. (ab) Sequences for the strands used to form a triple helix for TFO-G and TFO-G, respectively; (c,d) first heating curve for triplex-
mediated liposome aggregates formed with TFO-G and TFO-G, respectively, at different pH values. For all measurements, liposomes with @ of
~65 nm (0.5 mM POPC) and 100 nM of oligonucleotides were used, except for measurements with three strands, where 150 nM of the TFO was

added.

necessary prior to NTA due to the greater sensitivity of this
method. NTA allows exclusion of “large dust particles” by visual
inspection of the area which is measured, and very large
particles were avoided. When this method was used on samples
with similar ratios of liposomes and oligonucleotides as used for
UV-spectroscopy and DLS (i.e., an effective excess of liposomes
as compared to oligonucleotides), no significant difference in
the measured sizes was seen between the liposomes and the
structures formed when DNA-strands were added. The reason
for this is that DLS is not able to differentiate mixtures of
particles of very similar sizes and the result for the average size
will then be shifted toward the size of the larger particles, as
these scatter the light more intensely;58 i.e., this bias makes the
aggregates easier to see with DLS, whereas in NTA, the larger
population of smaller particles (liposomes which have not
aggregated) are more clearly seen, as this technique relies on
the light scattered from individual particles and hence on the
number of particles and not on the intensity of the scattered
light (except the minimal intensity of scattered light required to
localize the individual particle). For this reason, the excess of
liposomes in the samples was reduced by using only one-tenth
of the amount used for UV-spectroscopy and DLS measure-
ments to ensure that the majority of liposomes in the samples
would participate in aggregation. Using these samples, a
significant increase in size between liposomes alone and
liposomes in the presence of triple helix formation was clearly
seen for both TFO-C (Figure 4d) and TFO-C_ (Figure 4f),
again substantiating the DNA-controlled assembly of lip-
osomes. The small difference in hydrodynamic radius in
combination with the uncertainty in the NTA measurements
does not allow distinguishing between liposomes without
oligonucleotides or with TFO and only one of the strands from
the duplex target (Figure 4d,e). However, an increase in particle
size was seen when a triple helix was present, enabling the
detection of triple helix formation at a concentration of only 2
nM of the duplex target. The detection limit for hybridization
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of oligonucleotides forming triple helices using liposomes and
NTA is thereby in the low nanomolar concentration range,
which is 1000 times less than usually used for regular thermal
denaturation analysis by UV-spectroscopy without liposomes.

The differences in the average particle sizes between the
samples were also easily observed visually by looking at videos
recorded by the NTA camera system (Figure 4a—c). Whereas
only small particles were seen in all samples of liposomes
containing no (Figure 4a), one, or two DNA strands
(Supporting Information), larger particle aggregates were easily
seen for samples containing the full triplex (Figure 4b,c).

For the G-rich TFOs, no transitions were observed for the
single stranded TFO-G, TFO-Gy, or the similar unmodified
strand in ordinary thermal denaturation experiments without
liposomes (micromolar concentrations), even though this
sequence (modified with S-methyl-2’-deoxycytidine) has been
reported to self-aggregate.*> In addition, no transitions were
seen for the lipid-modified TFOs alone in thermal denaturation
experiments with liposomes and no significant transitions were
seen in thermal denaturation experiments with liposomes in the
absence of the purine-rich strand (S'-TTTCTTTCCCCCCT)
for neither of the modified TFOs at any pH value (Supporting
Information), suggesting that neither TFO-G or TFO-G, are
able to form a parallel duplex as observed for TFO-C. However,
transitions were observed for both TFOs when the unmodified
double helix was added (Figure Sc,d). For this TFO-sequence,
repeated heating and cooling of the samples did not result in
transitions of a higher intensity as was observed for both the
cytidine-rich TFOs, which is assumed to be the result of
different stability of the formed triplex or because no other
structures (e.g., i-motifs and parallel duplexes) are competing
for the formation of triplexes, as both the sequence of the
TFO* and the formation of secondary structures by TEOs can
influence the kinetics of the triplex formation.** Since the
guanine-rich TFOs are not dependent on protonation of
cytidine, transitions were observed at all tested pH values, and
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as reported in the literature, the melting/dissociation temper-
ature showed only a negligible pH dependence.” As seen for
the C-rich TFOs, the dissociation temperature was increased by
incorporation of LNA nucleotides.*’

A current limitation of the system described here is that
apparently duplex targets much longer than the modified TFO
are not tolerated, as no transitions were observed for any of the
four TFOs in thermal denaturation experiments with liposomes
with the long duplex target (47D). This finding was expected
and substantiates the proposed mechanism of DNA-controlled
liposome assembly, as the absence of transitions can be
attributed to the inability of the long, rigid duplex to be
positioned between two liposomes upon assembly due to steric
hindrance and accumulation of negative charge.

B CONCLUSION

In conclusion, the assembly of liposomes controlled by the
formation of triple helices was shown by three different
analytical methods, all taking advantage of the differences in
size between liposomes and liposome aggregates and the
subsequent changes in the optical properties or speed of
diffusion (NTA). The assembly was demonstrated by the use of
different triplex forming oligonucleotides which were modified
at both ends with lipophilic substituents (membrane anchors).
The modifications did not influence the ability of the
oligonucleotides to form triple helices, and as the principle is
based on noncovalent hydrophobic interactions, no surface
chemistry or other synthetic procedures for coupling of DNA
to the nanoparticles or subsequent purification were necessary.
All tested TFOs were able to induce assembly of liposomes,
and it was found that insertion of LNA in the TFO can be
favorable and suppresses the formation of other structures for
some TFO-sequences, as the insertion of LNA favored the
formation of triplexes compared to parallel duplexes for the
cytidine-rich TFO-sequence, whereas no significant effect of the
insertion of LNA was observed for the guanine-rich sequence.
The presented assembly based on the formation of triple
helices is a very fast process, and the measurements can be
started as soon as the oligonucleotides and liposomes are mixed
together without the need for a long initial cooling period. The
triplex-mediated assembly of liposomes can be an advantage as
only structures involving the modified TFO give rise to
transitions in thermal denaturation experiments and the spectra
are therefore not obscured by other transitions or features,
including the melting transition of the unmodified double helix
or structures formed by the self-aggregation of single strands.
Moreover, this method allows the study of triple helix
formation at low nanomolar concentrations of DNA; however,
the currently used TFO-probes do not allow targeting of
double stranded oligonucleotides which are much longer than
the probe strand. Furthermore, this method allows hybrid-
ization experiments involving triple helices (T, measurements)
to be performed at a broad range of wavelengths, as the
observed change in absorbance is due to the scattering of light
by the liposome aggregates during assembly and disassembly of
liposomes and not the specific absorption maximum of DNA
used in conventional thermal denaturation analysis. The results
also show that it is possible to use the DNA-controlled
assembly of liposomes to target double stranded stretches of
DNA by using the duplex as target in triple helix formation.
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