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Abstract

Bionanotechnology involves the use of biomolecules to control both the structure and property of
nanomaterials. One of the most studied examples is DNA-directed assembly of inorganic nanoparticles
such as gold nanoparticles (AuNPs). However, systematic studies on DNA-linked soft nanoparticles,
such as liposomes, are still lacking. We herein report the programmable assembly and systematic
characterization of DNA-linked liposomes as a function of liposome size, charge, fluidity, composition,
DNA spacer, linker DNA sequence, and salt concentration for direct comparison to DNA-directed
assembly of AuNPs. Similar to the assemblies of AuNPs, sharp melting transitions were observed for
liposomes where the first derivative of the melting curve full width at half-maximum (fwhm) is equal
to or less than 1 °C for all of the tested liposomes, allowing sequence specific DNA detection. We
found that parameters such as liposome size, charge, and fluidity have little effect on the DNA melting
temperature. Cryo-TEM studies showed that programmable assemblies can be obtained and that
majority of the liposomes maintained a spherical shape in the assembled state. While liposome and
AUNP systems are similar in many aspects, there are also important differences that can be explained

by their respective physical properties.
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One of the main goals of bionanotechnology is to use biomolecules to control both the structure
and property of nanomaterials and in turn influence their biomolecular behavior.}® This interplay
between bio- and nano-components is well illustrated in DNA-directed assembly of nanomaterials.!2
DNA possesses a programmable structure that can be manipulated with sub-nanometer precision. In
addition, its high stability and the availability of a wide range of attachment chemistry allow DNA to
have an increasingly important role in nanotechnology.®*7®° For example, DNA has been used to
construct scaffolds with well-defined geometry and periodicity, upon which DNA-functionalized
nanoparticles were immobilized to follow the underlying DNA pattern.*811-13 In another approach,
linker DNAs are used to assemble inorganic nanoparticle oligomers and polymers.t? Gold
nanoparticles (AuNPs) are particularly attractive for these studies as DNA conjugation to Au surface
can be achieved using simple Au-thiol chemistry. In addition, AUNP assembly is accompanied with a
visible color change from red-to-blue popularizing them as colorimetric sensors.>%*1> Furthermore,
assembled AuNPs can be easily disassembled upon DNA melting resulting in a much sharper melting
transition compared to free DNA,® which is attributed to multivalent and cooperative DNA binding.!”
19 DNA-directed assembly has also been studied using other inorganic nanoparticles such as silver
nanoparticles, quantum dots, silica, and magnetic nanoparticles.>®

While inorganic nanoparticles possess unique optical and magnetic properties, soft materials are
highly biocompatible with excellent cargo loading and releasing properties. Liposomes are particularly
attractive because of their well-established applications in drug delivery,® templated materials
synthesis,?2* and analytical chemistry.?* These applications can be further expanded by covalent DNA
attachment to allow encoding, patterning,? targeted delivery,?®® and programmable assembly.?’
Compared to the vast amount of literature related to inorganic nanoparticles, DNA-directed assembly
of liposomes has been studied only recently.?>27-4% For example, liposomes have been immobilized

through DNA linkages to form 2-D patterns, control liposome lateral interactions,?>3%3 and detect
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DNA.*3 Liposomes containing fusogenic lipids have been shown to fuse if they are brought close
enough to one another via DNA hybridization.?*323344 By using a dual-lipid modified DNA, non-
functionalized liposomes can be assembled via spontaneous insertion of the lipid chains into the
liposomes.?’3* Liposome-to-micelle transition has also been realized via DNA hybridization.*®
However, none of these studies showed programmability in terms of liposome composition, size,
charge, or fluidity. More importantly, there is no direct comparison between soft and hard nanoparticles
in DNA-directed assembly experiments.

From a pure physical science stand point, liposomes differ from inorganic nanoparticles in
several important ways. First, liposomes are formed by self-assembled lipid molecules via non-covalent
interactions. Therefore, liposomes can be easily deformed (so they are soft) while inorganic
nanoparticles cannot be deformed by forces at the molecular level. Second, the physical property of
liposomes can be manipulated by simply changing the lipid head group to be either positive, negative,
or zwitterionic. The composition of the tails can also be tuned to influence the lipid phase transition
temperature. Third, by changing lipid curvature and composition, fusion can be selectively promoted or
avoided.?®33 Finally, with a fluid bilayer membrane, the attached DNAs are mobile and can re-organize
on the membrane surface in response to external stimuli. For inorganic nanoparticles, however, the
immobilized ligands cannot diffuse easily on the particle surface. Therefore, important insights can be
obtained through a side-by-side comparison of these soft and hard nanoparticles. We report herein a
three-component system with two DNA-functionalized liposomes and a linker DNA. Side-by-side
comparisons to AuNPs have also been carried out. While there are many similarities between
liposomes and AuNPs in terms of DNA-directed assembly, we also observed important differences that

can be explained by their respective physical properties.



Results and Discussion

System Design. Our system comprises of three components: two kinds of DNA-functionalized
liposomes and a linker DNA (Figure 1A). Each component can be independently varied as long as the
DNA linkages are maintained. For example, we varied the liposome by first changing its fluidity and
secondly, by changing the head group charge. DOPC and DPPC possess no overall charge (Figure 1B),
but the latter is non-fluid at room temperature. Fluid DOPG has an anionic head group. We did not
include cationic lipids since they may aggregate in the presence of negatively charged DNA via
electrostatic interactions, disallowing us to study DNA-directed assembly.

In a typical experiment, liposome aggregates were prepared using a concentration of 0.25
mg/mL (each liposome) in the presence of 2.5 uM linker DNA. As shown in the inset of Figure 2C,
large gel-like DOPC liposome aggregates were formed; while in the absence of the linker DNA, the
liposomes were well-dispersed. To help visualize liposomes, 1% rhodamine-B labeled lipid was
included in this experiment to give a pink color. For all the other studies in this paper, no dye labels
were used. The assembled liposome aggregates can be easily purified by centrifugation to remove free
DNA and non-incorporated liposomes. For example, the supernatant is clear after purification (inset of
Figure 2C), indicating that all the liposomes were in the aggregated form. Conversely, at temperatures
above DNA melting, Tm, aggregated liposomes disassemble to produce a clear solution. As established
for DNA-linked AuNPs,*®171° melting transition experiments can also provide rich information

regarding liposome assembly.
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Figure 1. (A) DNA-directed assembly of DNA-functionalized liposomes where Tr, is the DNA melting
temperature within the assembled liposomes. (B) The different phospholipids used in this study and
their respective charge and lipid phase transition temperature (T¢) values are also shown. (C) The

conjugation chemistry for covalent attachment of a thiol-modified DNA to a MPB-PE lipid.
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Figure 2. Extinction spectra of unmodified (black curve), DNA-modified dispersed (red curves) and
assembled (blue curves) 114 nm DOPC liposomes (A) and 13 nm AuNPs (B). (C) Kinetics of DNA-
directed assembly of liposomes. The assembly reaction was carried out in 300 mM NaCl, 20 mM
HEPES, pH 7.6 at 35 °C with 114 nm DOPC liposomes. Inset: a photograph of dispersed and
assembled liposomes (with 1% rhodamine-B label). Visible precipitates were formed upon DNA-
directed assembly (the tube on the right), and its supernatant solution was clear, suggesting very few

free liposomes were present.



Assembly of DNA-Functionalized Liposomes. There are three methods to link DNA to a liposome.*®
First, lipid-functionalized DNAs (e.g. with cholesterol) are incorporated during liposome preparation,
resulting in DNA being present at both the inner and outer-leaflets of the bilayer membrane. This
method requires a relatively large quantity of modified DNA and the stability of DNA insertion is
low.*” In the second method, DNA-modified with certain lipids (e.g. cholesterol-TEG) can
spontaneously and quantitatively insert themselves into pre-formed liposomes.*®4° One limitation is
that only the 3'-end modification is commercially available for cholesterol-TEG. Many other reported
lipid-DNA conjugates cannot be purchased from commercial sources and have to be synthesized in the
researcher’s own laboratory.?”?° We employed a third method where a small fraction (5%) of lipid
containing a reactive maleimide head group (MPB-PE) was first incorporated during liposome
preparation.?® The maleimide group can react with thiol-modified DNA to produce a covalently linkage
(Figure 1C). We achieved a coupling efficiency of ~25%, which was determined by the decrease in the
DNA absorption peak at 260 nm. Since both 3" and 5'-thiol-modified DNAs and the reactive lipid are
commercially available, this method can be readily used by most researchers.

A standard extrusion method was used to prepare liposomes of two sizes using polycarbonate
membrane filters. For DOPC liposomes, dynamic light scattering showed that they had a hydrodynamic
diameter of 114 nm and 251 nm, respectively. The number of DNA molecules attached to each 114 nm
liposome was determined to be 550 and to each 251 nm liposome to be 2100 (see Supporting
Information). This density is slightly lower compared to that for DNA-functionalized AuNPs. For
example, more than 8000 DNAs can be attached to each 250 nm AuNP.%°

Unlike AuNPs, liposomes without a dye label do not possess an absorption feature in the visible
region. Nevertheless, UV-vis spectroscopy can still be used to monitor the assembly process, since
assembled liposomes reflect and scatter light more strongly in comparison to individually dispersed

ones. A typical extinction spectrum of 114 nm DOPC liposome is shown in Figure 2A (black curve).



After DNA attachment, a peak at 260 nm due to DNA absorption can be observed (red curve). Upon
assembly via linker DNA, the extinction from 200 to 900 nm all increased (blue curve), with the
extinction at shorter wavelengths being stronger. Therefore, any wavelength in this region can be used
to monitor liposome aggregation. For most studies, we chose 260 nm to achieve a large signal change.
It needs to be pointed out that the 260 nm extinction change is mostly due to the assembly of liposomes
instead of the hypochromic effect of DNA hybridization, since the concentration of DNA is too low to
contribute to such a large change. More importantly, DNA hybridization decreases the 260 extinction
instead of increasing it. In the case of AuUNP (Figure 2B), the extinction at 260 nm actually decreases
upon aggregation (Figure 2B), which is related to the surface plasmon coupling of AuNPs.®

The Kkinetics of DNA-directed assembly of liposomes is presented in Figure 2C. After addition
of 2 uM linker DNA to the liposomes, the extinction at 400 nm started to increase immediately,
indicating formation of aggregates. We chose to use 400 nm here to avoid artifacts associated with the
absorption from the added linker DNA. A two-phase assembly process was observed. Initially the
extinction increased rapidly, followed by a slow phase. By fitting the curve to a double exponential

increase, we obtained rates of 7.1 and 0.061 min™ for the two phases (R?=0.99).



Melting Properties of DNA-Linked Liposomes. A key feature of DNA-linked AuNPs is their sharp
melting transitions,'®!” which occur due to multivalent and cooperative DNA binding. To study DNA-
linked liposomes, we first tested zwitterionic DOPC with a phase transition temperature (T¢) of -20 °C.
The assembled liposomes were dispersed in buffers with varying salt concentrations and the extinction
at 260 nm was monitored as a function of temperature. Consistent with DNA-directed assembly, an
increase in Tm was found with increasing salt concentration (Figure 3A). Very sharp melting transitions
were observed for all of the samples. The sharpness of the melting transition was determined by taking
the full width at half-maximum (fwhm) of the first derivative of each melting curve, and the fwhm was
found to be 1 °C or less. This sharpness compares favorably to that observed for AuNPs,'’ indicating
that the melting of liposomes shares the same cooperative mechanism.

One of the most unique properties of liposomes is their phase transition. Above T¢, the bilayer
is fluid allowing fast lateral diffusion. Below this temperature, the bilayer is in a gel phase making
diffusion more difficult. Since the DNAs were immobilized on the lipid head group, the membrane
fluidity may affect the local DNA density, packing, and dynamics, which may in turn affect the number
of DNA linkages between liposomes and the T, of DNA in the liposome aggregates. All the DNA
melting transitions occurred above the T. of DOPC (-20 °C) in the previous experiment. To test the
effect of lipid fluidity, DPPC liposomes with a T = 41 °C were also studied (Figure 3B). DPPC has a
higher T¢ due to a better packing of the hydrocarbon chains (i.e. the double bonds in DOPC result in
kink formation). Interestingly, the overall salt-dependent melting trend and T values were very close
to those observed for DOPC. At low salt concentrations (e.g. 6 mM), DNA melted prior to DPPC phase
transition. At high salt concentrations (e.g. 52 mM), DNA melted after the lipid phase transition. Under
our experimental conditions, the similarity in Tm between DPPC and DOPC suggests that lipid fluidity
has little effects on the melting of the liposome aggregates. For all of the DPPC melting curves, we

observed a second transition at ~41 °C (a small drop in the extinction), which coincides with the T of



this lipid. To confirm the origin of this second transition, we monitored the extinction of non-
functionalized DPPC liposomes (no DNA), and a drop in extinction at this temperature was also
observed (see Supporting Information). However, non-functionalized DOPC did not show an obvious
temperature-dependent extinction change. Therefore, this second transition is attributed to the phase
transition of DPPC. For comparison purposes, we also conducted melting studies of 13 nm AuNPs
assembled by the same linker DNA. As shown in Figure 3C, the resulting Tm’s are very similar to those
obtained for the liposome aggregates. Because the AuNPs and liposomes were quite different in size
and as will be discussed later, nanoparticle size plays a crucial role in determining the Tm in AuNPsS,

this similarity Tm is more of a coincidence rather than a general observation.
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Figure 3. Salt-dependent melting curves of DNA-linked DOPC (A), DPPC (B) and AuNPs (C). All
these nanomaterials were assembled using the same linker DNA. The melting curves are normalized

for comparison of the melting transitions.
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Effect of Liposome Charge and Cholesterol. The surface property of liposomes can be controlled by
mixing different lipids during liposome preparation. Taking advantage of this property, we next studied
the effect of surface charge by using negatively charged DOPG. As shown in Figure 4A, there was no
difference in the Ty value or the melting transition sharpness when anionic DOPG was used, or
zwitterionic DOPC or their 1:1 mixture. At 52 mM Na*, all the three liposome aggregates showed a
sharp melting transition with Tm = ~50 °C. Therefore, surface charge appeared to have little influence
on the melting behavior of DNA-linked liposomes.

The interaction between charged liposomes in an electrolyte solution can be described using the
DLVO theory. In the absence of DNA, long-range van der Waals attractive forces and long-rang
electrostatic repulsive forces govern liposome interactions. In the presence of a rigid B-form 24-mer
double-stranded DNA linker, the liposomes are separated by ~8 nm. There was also a 9-adenine spacer
on each end (see Figure 5A). Therefore the liposomes are separated by ~10 nm in the assembled state.
Based on the literature reported calculations for charged liposomes separated by 10 nm, the interaction
energy was only ~1 kgT, the thermal energy.®* At 298 K, this energy is ~0.6 kcal/mol. The 12-mer
DNA base pairing free energy in our system should be greater than 6 kcal/mol.5>%® Considering that
liposomes are linked by multiple DNAs, the energy from DNA binding is even greater. Therefore,
other inter-liposome forces are much smaller in comparison to the DNA hybridization energy, which
may explain why liposome charge has little effect on the Tp.

To further understand the effect of surface charge, the &-potential of the liposomes were
measured. At pH 7.6 with 52 mM Na*, DOPC showed a &-potential of -7.0 mV, which was consistent
with literature reports that the PC head group carries a slight negative charge at neutral pH.>* After
attaching DNA, its &-potential changed to -19.7 mV because DNA is a polyanion and can increase
surface negative charge. On the other hand, DOPG showed a potential of -51.8 mV and -39.4 mV,

respectively, before and after attaching DNA. This suggests that the charge density at the plane of shear
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actually decreased for DOPG after DNA attachment. Therefore, DNA had an averaging effect on the
surface charge: the &-potential difference between DOPG and DOPC decreased from 45 mV to 20 mV
after DNA attachment, which may also contribute to the observed charge-independence on the melting
transitions.

While the melting of DOPC and DPPC was compared in Figure 3, we further studied the effect
of adding cholesterol, which is an important component in the cell membrane and is known to have an
averaging effect on the lipid phase transition. Cholesterol can fluidize the gel phase lipids while making
lipids like DOPC less fluid.>® With 30% (w/w) cholesterol in DOPC, the melting curve still overlaps
with those pure PC liposomes in the transition region (Figure 4B). Therefore, it appears that neither
charge nor lipid fluidity has much effect on the melting behavior of the assembled structures; DNA

hybridization alone governs the melting property.
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Figure 4. Melting curves of DNA-linked liposomes as a function of liposome charge (A) and

composition (B). All of the liposomes were assembled using the same linker DNA sequence.
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Effect of a DNA Spacer. It has been shown that the melting of DNA-linked AuNPs is strongly

affected by the presence of a polynucleotide spacer introduced between the hybridization sequence and

thiol group.!” The inter-particle distance was increased by the spacer, resulting in a higher Tn. In all of

the experiments conducted so far, a 9-adenine (Ag) spacer was used as illustrated in Figure 5A. To test

its effect in the liposome system, thiol-modified DNAs without the Ag spacer were also used for

liposome functionalization. Interestingly little difference was observed in the Tm for liposome

aggregates prepared with and without the Ao spacer (Figure 5B); while AuNPs clearly show a much

higher Tm when the Ag spacer was used (Figure 5C). This experiment illustrates an interesting

difference between hard and soft nanoparticles. Soft materials such as liposomes may be better at

adjusting themselves (e.g. through liposome deformation and DNA diffusion within the bilayer) in

response to the pressure and crowdedness caused by the assembly process.
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Effect of Liposome Size. One important aspect of nanoscience is to study size-dependent properties of
nanomaterials. It has been recently demonstrated that AuNPs with a diameter up to 250 nm can be
functionalized with DNA.* In the case of liposomes, it is also possible to prepare a wide range of sizes
with good colloidal stability. We have made DOPC liposomes with average sizes of 114 and 251 nm.
All previous melting data were collected with the 114 nm liposomes. To test the effect of liposome
size, both liposomes were assembled using the same linker DNA and we did not observe a significant
difference in the Tm or the sharpness of the melting transition (with 52 mM Na*, Figure 6A). On the
other hand, 50 nm AuNPs melted at a temperature of 12 °C higher than 13 nm ones (Figure 6B). This
result is consistent with reports from other research groups that larger AuNPs show a higher Tn in
DNA-linked nanostructures.®®>° For example, Mirkin and coworkers reported a 7 °C increase in Tm by
increasing the AuNP size from 80 to 150 nm.%5*" There are a number of factors that can affect the Tm
of DNA-linked nanoparticles, including DNA sequence, length, DNA density on the particles, solution
ionic strength, pH, and particle size. If all of the other parameters are fixed and only the particle size is
increased, an increased Tm should be observed due to an increase in the contact area resulting in more
DNA linkages, which has been used to explain the size-dependent T of AUNPs.*

The DNA density on our liposomes was about one quarter of that on AuNPs, and this may
explain why our 114 nm liposomes showed a similar Tm as 13 nm AuNPs. Our 114 and 251 nm
liposomes had on average 550 and 2100 thiol-modified DNA attached, respectively. Therefore, the
DNA densities for both liposomes were similar, and we cannot use this to explain the size-independent
melting. Since the DNA molecules are linked to the MPB-modified PE lipid, which has a saturated
lipid tail (Figure 1C), these lipid molecules may form microdomains in the DOPC liposomes whose T¢
is -20 °C. The labeled DNA might then be concentrated within these domains. If the size of the
microdomains is independent of the liposome diameter then we can explain the melting observation. In

order to test this, another MPB-labeled PE lipid with an unsaturated tail was also used to conjugate
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DNA. This new PE lipid should have a T¢ closer to that of DOPC. Therefore, the possibility of
microdomain formation should be much lower (given that the negatively charged DNA should be
repulsive to each other). However, the same size-independency was also obtained in this studying (see
Supporting Information, Figure S3).

We attribute this size-independent melting behavior to the fluidity of the bilayer membrane.
Unlike in the case of AuNPs, where each thiol-modified DNA is fixed in place, the DNA attached to
the liposomes can diffuse laterally. Once a DNA linkage is melted, the involved DNA can diffuse away
and the chance for it to re-hybridize at a temperature close to T is low. This may effectively decrease
the number of linkages prior to the melting transition and explain why increasing the liposome size did
not increase Tm. The fact that the melting transitions remained quite sharp for liposomes suggests that a
sufficient number of DNA linkages were still present prior to the transition to allow cooperative

melting.
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Figure 6. (A) Melting curves of DNA-linked 114 and 251 nm DOPC liposomes in 52 mM Na*. (B)

Melting curves of DNA-linked 13 and 50 nm AuNPs in 24 mM Na*.
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Cryo-TEM Studies. To study the structure and morphology of DNA-linked liposomes, cryo-TEM
experiments were performed. Both 103 nm and a mixture of 103 and 258 nm liposomes were
assembled by linker DNA. Since the aggregates were very large, only the edges were imaged so that
the electrons could penetrate through. The 103 nm liposomes were spherical with a membrane
thickness of ~ 5 nm, suggestive of a unilamellar membrane (Figure 7A). The average size agrees with
the dynamic light scattering results. Some deformation from the spherical shape can be observed,
which may be caused by the pressure from nearby liposomes during aggregation. In the aggregates
containing both 103 and 258 nm liposomes, both sized populations can be observed and the smaller
ones arranged around and bridged with the large ones. Some of the larger liposomes appeared to be
multi-lamellar or encapsulating smaller ones (Figure 7B). More cryo-TEM images showing a larger
area are presented in the Supporting Information. This experiment further supports that DNA-linked

liposomes have been prepared and good programmability can be achieved.

Figure 7. Cryo-TEM micrographs of DNA linked 103 nm (A) and 103/258 nm (B) liposomes.
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The Effect of Mismatches in the Linker DNA. One important analytical application of DNA-directed
assembly is to detect the linker DNA sequence.’®?” Because of the sharp melting transitions, even
single base mismatches can be detected with high selectivity. We further studied whether our liposome
aggregates can differentiate such mismatches (Figure 8A). A perfectly complementary linker gives a
Tm of 51 °C (Figure 8B). However when there was a single base deletion or insertion, the Tm dropped
to 48 °C and 49 °C, respectively. This was similar to what was reported for AuNP probes.*® On the
other hand, single nucleotide mismatches led to Tm’s in the range of 38-41 °C. This was because the
mismatches were positioned in the middle of the hybridization sequence instead of the end, leading to a
larger destabilization effect. Again, all of the samples showed very sharp melting transitions.

Therefore, DNA-directed assembly of liposomes could also be used for highly selective DNA

detection.

3’ : _
A ) s~ TGCGTAGACACT ? B 12 —e— C-C mismatch
ACGCATCTGTGAAGAGAACCTGGG : —e— C-A mismatch

—e— C-T mismatch

—8— Single deletion

—&— Single insertion

~a— Complementary
target

ACGCATCTCTGAAGAGAACCTGGG CC mismatch

ACGCATCTATGAAGAGAACCTGGG CA mismatch

Ezs0nm (@)

ACGCATCTTTGAAGAGAACCTGGG CT mismatch

ACGCATCTGTG-AGAGARACCTGGG Single deletion

I 1 I I 1 1 1

ACGCATCTGTGTAAGAGAACCTGGEG Single insertion 20 30 40 50 B0 70 80
Temperature (°C)
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Melting curves of DOPC liposome aggregates prepared with mismatch linker DNAs.
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In summary, we have demonstrated DNA-directed assembly of DNA-functionalized liposomes
in a three-component system. This is the first systematic study on the physical properties of DNA-
linked liposomes where various liposome formulations and DNA sequences have been tested; all were
based on the same conjugation chemistry, suggesting good generality and programmability of our
method. The melting transitions of these liposome assemblies as a function of lipid charge, size,
fluidity, and attached DNA have been systematically studied and compared with those properties of
AuNPs. While there are many similarities, important differences exist. For example, the Tm of
liposome assemblies is less affected by the inter-particle separation or liposome size. These differences
may be explained by the soft nature of liposomes compared to AuNPs. Such fundamental
understandings may improve our design of new liposome-based materials for both analytical and

biomedical applications.

Materials and Methods

Chemicals. The DNA samples were purchased from Integrated DNA Technologies (Coralville, 1A).
The phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol and
chloroform were purchased from VWR. Tris(2-carboxyethyl)phosphine (TCEP) was purchased from
Sigma. Citrate reduced AuNPs (13 nm diameter) were prepared according to a previously published
method.'® AuNPs (50 nm) were purchased from Ted Pella Inc (Redding, CA). The phospholipids used
in this study are listed below: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol)  (sodium salt) (DOPG); 1,2-dihexadecanoyl-sn-glycero-3-
phosphocholine (DPPC); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (Rh-PE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] (MPB-PE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-

(p-maleimidophenyl)butyramide] (18:1 MPB-PE).
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Preparation of Liposomes. Liposomes were prepared using the standard extrusion method. Lipids
were mixed at designated ratios with a total mass of 2.5 mg in chloroform, and all of the samples
contained 5% MPB-PE. Chloroform was removed under a gentle N2 flow in the fume hood and trace
amounts of residual chloroform was removed by storing the samples under vacuum overnight at room
temperature. The dried lipids were kept under a N2 environment and then stored at -20 °C prior to use.
To prepare liposomes, the lipids were rehydrated with 0.5 mL buffer A (150 mM NaCl, 25 mM
HEPES, pH 7.6) at room temperature with occasional sonication. Therefore, the lipid concentration
was 5 mg/mL. After the lipids were fully hydrated for ~ 1 hr, a cloudy suspension was obtained. This
lipid was extruded through a polycarbonate membrane (pore size = 50 or 400 nm) 21 times. After
extrusion, the lipid solution appeared to be transparent, indicating the formation of liposomes. The
prepared liposomes were immediately used for DNA conjugation. Since DPPC has a T¢ = 41 °C, a
water bath was heated to ~60 °C to rehydrate DPPC and extrusion was also performed at this
temperature.

DNA Conjugation to Liposomes and AuNPs. Thiol-modified DNAs were activated with TCEP
(TCEP:DNA = 2:1 molar ratio) in 40 mM acetate buffer pH 5.0 for at least 1 hr at room temperature.
50 puL of 5 mg/mL liposomes were reacted with 60 uM activated DNA at room temperature overnight
in buffer A. After incubation, the salt was adjusted to 500 mM NaCl and the sample was stored at 4 °C
for 12 hrs. We found that the liposomes precipitated out of solution, which was attributed to the self-
aggregation of the DNA-functionalized liposomes.®® These liposomes were harvested after
centrifugation (13000 rpm) at 4 °C and unreacted DNA in the supernatant was removed. Using the
rhodamine-B-labeled liposome, we found that >95% of liposomes were recovered by this
centrifugation step. The liposomes were then dispersed at a concentration of 2.5 mg/mL in buffer A.

Thiol-modified DNAs were attached to 13 and 50 nm AuNPs according to published protocols.>*-°
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Preparation of DNA-Linked Aggregates. In a typical reaction, 0.25 mg/mL of each liposomes
(functionalized respectively with 3" and 5'-end thiol-modified DNA) and 2.5 uM linker DNA were
mixed in buffer B (300 mM NaCl with 25 mM HEPES, pH 7.6). The mixture was incubated at 50 °C
for 5 min and then allowed to cool slowly to 35 °C. To prepare AuNP aggregates, 4.5 nM of each
functionalized AuNPs were mixed with 0.2 uM linker DNA in buffer B.

Melting Curves and Kinetics. For melting temperature measurement, DNA-linked aggregates were
dispersed in a final volume of 200 uL of a buffer of choice containing varying concentrations of NaCl
and HEPES at pH 7.6. The aggregates were repeatedly dispersed in 200 uL of the cold buffer,
centrifuged to remove the supernatant and re-dispersed in the same buffer at 4 °C four times prior to
the melting experiment. The measurements were performed with an Agilent 8453 spectrophotometer.
The temperature was controlled by a circulating water bath. The initial temperature increment was
every 2 °C and then every 1 °C close to Tm. The samples were allowed to equilibrate at each designated
temperature for 2 min before measurement. The melting curves were obtained by plotting the
extinction at 260 nm as a function of temperature. To compare different samples, the melting curves
were normalized linearly to have the lowest extinction at 0.2 and highest extinction at 1.2. The first
derivative of a melting curve was used to determine the Tm. To measure the kinetics of liposome
aggregation, an equal concentration of 3'- and 5' thiol-DNA functionalized DOPC liposomes (0.2
mg/mL) were mixed in buffer B at 35 °C. Linker DNA (2 uM) was added and the extinction spectra
were collected up to 90 min.

Dynamic Light Scattering and &-Potential Measurements. To estimate the size and charge of the
liposomes, dynamic light scattering and &-potential experiments were performed using a Malvern
Zetasizer Nano instrument. The freshly prepared liposomes and DNA conjugated liposomes were

dispersed in a buffer containing 100 mM NaCl, 25 mM HEPES at pH 7.6 at a lipid concentration of
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0.25 mg/mL for size measurement. To measure the &-potential, a buffer containing 52 mM NaCl was
used.

Cryo-TEM. The DNA-linked liposomes (DOPC containing 30% cholesterol with 5% DOPG and 5%
MPB-PE) were dispersed in a buffer containing 40 mM NaCl and 10 mM HEPES pH 7.6. TEM
samples were prepared by spotting 5 uL of the liposome suspension on a carbon coated copper TEM
grid (treated with plasma to ensure surface was hydrophilic) in a humidity controlled chamber (FEI
Vitrobot). The humidity was set to be 95 to 100% during this operation. The grid was blotted with two
filter papers for 1.5 sec and quickly plunged into liquid ethane. The sample was then loaded to a liquid
N2 cooled cold stage and loaded into a 200 kV field emission TEM (FEI Tecnai G2 F20). The samples

were imaged when the temperature was stabilized at -175 °C.
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