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ABSTRACT: Lipid-based micelles provide an attractive
option for therapeutic and diagnostic applications because
of their small size (<20 nm) and ability to self-assemble
and improve the solubility of both hydrophobic drugs and
dyes. Their use, however, has been challenged by the fact
that these particles are inherently unstable in serum becaue
of interactions with protein components, which drives the
micelle equilibrium to the monomeric state. We have
engineered serum stabilized micelles using short quad-
ruplex forming oligonucleotide extensions as the lipid
headgroup. Quadruplex formation on the surface of the
particles, confirmed by 'H NMR, results in slight
distortion of the otherwise spherical micelles and renders
them resistant to disassembly by serum proteins for >24 h.
Using antisense oligonucleotides we demonstrated that
disruption of the quadruplex leads to micelle destabiliza-
tion and cargo release. The ability to use oligonucleotide
interactions to control lipid particle stability represents a
new approach in the design of programmed nanoscale
devices.

he structural characteristics of nucleic acids, specifically

Watson—Crick base-pairing along with nontraditional
hydrogen bonds between bases, make nucleic acids ideal
building blocks for the design of complex nanostructures and
nanodevices." Using oligonucleotide polymers and strand
displacement by complementary hybridization, it is possible
to create intricate circuits, logic-gated robots, and molecular
automata for cellular recognition.z_4 Here, we have used similar
strand displacement techniques to program the destabilization
of nucleic acid modified micelles.

Lipid micelles generated by the self-assembly of monomers
represent an important class of nanoparticle with the potential
to enhance the solubility and delivery of hydrophobic drugs.>
Their small size (<20 nm) makes them ideal candidates for
both passive tumor uptake and deep tissue penetration.”
However, formation is a dynamic process in which lipid
monomers exist in equilibrium with micelles. Destabilization of
micelles in vivo occurs due to significant dilution upon systemic
injection and is further affected by the presence of serum
proteins, which can interact with hydrophobic lipid tails.*’
Thus, premature release of encapsulated components may
occur before these particles reach their target (Figure 1A). The
ability to stabilize lipid micelles but also allow for triggered
cargo release remains a challenge.

The use of oligonucleotides and even single nucleotides as
lipid headgroups for the formation of micelles has previously
been reported.'® However, while an oligonucleotide alone is
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Figure 1. Schematic of micelle stabilization. (A) Lipid monomers (1)
form micelles above a critical micelle concentration (2), but this
particle formation is disrupted by interactions with serum proteins (3)
and dilution in vivo. (B) Intermolecular interactions between diC18-
UGGGU headgroups result in G-quadruplex formation.

unlikely to stabilize a micelle, we reasoned that we could
engineer interactions between headgroups composed of short
oligonucleotides which might enhance stability. Indeed,
Edwardson et al. recently demonstrated that a self-assembled
DNA nanocage could be used to precisely arrange C12
alkylchains to assemble a hydrophobic core within a tetrahedral
structure.'!

A variety of other approaches have previously been employed
to stabilize micelles ranging from chemically cross-linking their
hydrophobic tails'* to linking the hydrophilic head groups
through covalent'*'* and reversible or reducible linkages."'>'®
PEGylated peptides forming 3-helix bundles through inter-
molecular interactions at lipid headgroups have also been used
to stabilize micelles.!”*® Drawing from this, we engineered
lipids bearing short, highly stable 2’OMe RNA sequences
capable of forming a parallel G-quadruplex which could bring
four lipid monomers together (Figure 1B). In this way, micelles
can be stabilized by intermolecular interactions that can be
purposefully disrupted using antisense oligonucleotides de-
signed to infiltrate the G-quadruplex.

Oligonucleotide—lipid conjugates were generated using
standard solid phase DNA/RNA synthesis and a 1,2-
dioctadecyl-sn-glycerol (diC18) phosphoramidite.'” We synthe-
sized two short oligonucleotide—lipid conjugates composed of
highly stable 2’OMe RNA bearing a S’ lipid: (1) diC18-
UUUUU, which is predicted to not possess any intermolecular
interactions and (2) diC18-UGGGU, which is g)redicted to
form a parallel G-quadruplex (Figure 1B).***' Following
synthesis, deprotection, and purification, the conjugate
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identities were verified by liquid chromatography—mass
spectrometry (LC—MS) and used to generate micelles by
thin-film hydration (see Supporting Information (SI)).
Micelles generated from diC18-UUUUU or diC18-UGGGU
formed particles with ~10 nm diameters and low polydispersity
(<20%), similar in size to micelles generated using the lipid
amphiphile DSPE-PEG(2000) as determined by dynamic light
scattering (SI Figure S1). Particle size was confirmed by
negative-stain transmission electron microscopy (TEM)
(Figure 2A and SI Figure S2). On the basis of the size
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Figure 2. Micelle characterization. (A) TEM image of diC18-UGGGU
micelles. (B) Experimental SAXS profiles of DSPE-PEG, diC18-
UGGGU, and diC18-UUUUU micelles each at 2 mg/mL, from top to
bottom, and fitted profiles from ellipsoid model fits (red lines). diC18-
UGGGU and diC18-UUUUU data sets were vertically offset by scaling
intensity values of 107> and 1073, respectively. (C) Intraparticle
distance distribution p(r) for diC18-UUUUU micelles (blue), diC18-
UGGGU micelles (green), and DSPE-PEG micelles (red).

similarity to DSPE-PEG, we estimate that the particles are
composed of ~90 molecules each.’” Using small-angle X-ray
scattering (SAXS), we confirmed this estimation (SI Table S1).
SAXS data were fit to a scattering form factor for micelles with
an ellipsoidal core with Gaussian chains on the surface (Figure
2B).>* The fit for the DSPE-PEG micelles using the model are
in good agreement with previous SAXS characterization** and
display a slight ellipsoidal shape (& = 1.16), with those formed
from diC18-UUUUU proving more spherical (¢ = 1.0) and
those formed from diC18-UGGGU more oblate (¢ = 1.95). For
diC18-UGGGU, the fit suggests that the particles possess a
large corona with a large radius of gyration (Rg) for the chains,
consistent with the formation of a G-quadruplex.24 In contrast,
the corona and R, of the diC18-UUUUU micelles are smaller
suggesting that headgroups are likely more diffuse and
unstructured. Micelle shape was further investigated using
GNOM™ to calculate the intraparticle distance distribution
p(r) and the maximum dimension of the micelles, D, (SI
Table S2). A monodisperse spherical particle will display a bell-
shaped p(r) curve whereas rodlike particles will display a bell-
shape at small r, but would descend linearly at larger r
values.”>*® The p(r) of each sample is closely bell-shaped with
the DSPE-PEG and diC18-UGGGU micelles displaying more
elongated distances, consistent with slight ellipsoidal character
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(Figure 2C). Furthermore, D, is in good agreement with
micelle diameters determined by DLS.

The alteration in the shape of micelles generated with diC18-
UUUUU vs diC18-UGGGU suggested that the engineered
headgroup interactions within the diC18-UGGGU micelles
lead to a change in the overall micelle structure. To confirm
quadruplex formation we performed 'H NMR on these
micelles. The imino protons in a G-quadruplex show diagnostic
chemical shifts of 10—12 ppm versus 13—14 ppm in a standard
Watson—Crick duplex and are much more resistant to
deuterium exchange in D,O, with half-times of days to
weeks.”>*” Consistent with this, the '"H NMR spectra for the
diC18-UGGGU micelles displayed three imino protons
between 10.8 and 11.3 ppm, all of which remained resistant
to deuterium exchange for much longer than 24 h (Figure 3). A
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Figure 3. Overlay of NMR spectra for diC18-UGGGU micelles after
D,0 exchange. diC18-UGGGU micelles were incubated in D,0O for 24
h (blue), 6 days (purple), and 11 days including one 24 h incubation at
37 °C (red). Similar to the H,O spectra (black), the "H NMR spectra
for diC18-UGGGU micelles display characteristic imino proton shifts
for the three guanine bases which remain resistant to deuterium
exchange > 24 h.

similar NMR analysis of diC18-UUUUU micelles does not
show these characteristic imino proton shifts (data not shown)
and that of diC18-UGUUU micelles, which shows a predicted
10.8 ppm imino proton shift characteristic of G-G interactions,
does2 8not show resistance to deuterium exchange (SI Figure
S3).

To assess the effects of quadruplex stabilization on micelle
stability, we encapsulated a lipophilic fluorescence resonance
energy transfer (FRET) pair (DiO/Dil) within our micelles
and monitored the release of the dyes over time.>®'® When
coencapsulated within an intact micelle, excitation at 450 nm
results in FRET, and fluorescence emission is observed at 565
nm. Dye release results in separation of the FRET pair and an
increase in fluorescence intensity at 505 nm. When both DSPE-
PEG micelles and diC18-UUUUU micelles are diluted in 90%
fetal bovine serum (FBS), there is an increase in fluorescence
intensity at S0S nm as these lipids exchange with serum
proteins (Figure 4A,B; t,,, = 1.06 + 0.06 h and 0.74 + 0.17 h,
respectively). This destabilization is also marked by a decrease
in the FRET ratio (Iss/[Ises + Isos)), which approaches an
experimentally determined value of ~0.5 in 9 h indicating
almost complete release of encapsulated cargo (Figure 4D and
SI Figure S4). Destabilization is FBS dependent (SI Figure SS)
predominantly due to interactions with a/f globulins (SI
Figure S6), which have previously been shown to contribute to
micelle destabilization in vivo.
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Figure 4. FRET assay to measure micelle stability. (A) FRET spectra
of DSPE-PEG micelles and (B) diC18-UUUUU micelles show an
increase in fluorescence intensity at 505 nm indicating micelle
destabilization. (C) FRET spectra of diC18-UGGGU micelles. (D)
Graph of normalized FRET ratio (Isss/[Ises + Isos)) over 9 h.

In contrast, diC18-UGGGU micelles, remained stable for >
24 h (Figure 4C,D). Micelle stability did not rely on the
presence of potassium (SI Figures S6, S7) suggesting that like
other parallel quadruplexes, Na* alone was sufficient for
stabilization.>

Micelle stability was also assessed by measuring the kinetics
of lipid exchange using fluorescently labeled lipids.'®
Fluorescein labeled diC18-UUUUU and diC18-UGGGU lipids
assembled into micelles with diameters similar to those of their
unlabeled counterparts (~10 nm; data not shown). Because of
the close proximity of the dyes in the headgroup, fluorescence
is quenched. However, to ensure that fluorescence quenching
was not solely due to the formation of quadruplexes, micelles
were generated using a S:1 ratio of unlabeled to labeled lipid.
These FITC-labeled micelles were diluted with a 600-fold
excess of unlabeled micelles, and the rate of fluorescence
recovery was measured (SI Figure S8). For diC18-UGGGU
micelles, there is no increase in fluorescence, indicating that
particles remain quenched overtime. On the other hand,
consistent with the data from our dye release assays, diC18-
UUUUU micelles dequench over the course of 3 h (¢, = 0.25
+ 0.01 h), suggesting exchange of fluorescently labeled lipids
with unlabeled lipids. Similar results are observed when the
FITC-labeled micelles were diluted in FBS (SI Figure S9).

Finally, since the CMC is an important factor in defining
micelle stability, we performed experiments to determine the
CMC value for both diC18-UUUUU and diC18-UGGGU
micelles. Using multiple approaches the CMC values proved
too low to detect (<10 pM; SI Figure S10). It is interesting to
note that although diC18-UUUUU micelles display a very low
CMC, this value is not sufficient to maintain stability in the
presence of serum proteins. Thus, a low CMC is not the only
prerequisite for stability in biological fluids.

The marked difference in stability between the diC18-
UUUUU micelles and the diC18-UGGGU micelles suggested
that modifications at the lipid headgroup might be used to alter
micelle stability and subsequently induce cargo release. We
synthesized diC18-UGGGU micelles bearing a 3’ oligonucleo-
tide extension (diC18-UGGGU-ext) such that the addition of
an antisense oligonucleotide would disrupt the stabilizing G-
quadruplex (Figure S). Micelles formed from diC18-UGGGU-
ext were ~10 nm in diameter (data not shown) and were stable
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Figure 5. Micelle destabilization using antisense oligonucleotides.
diC18-UGGGU-ext micelles remain intact in the presence of serum
proteins. Addition of antisense oligonucleotides that disrupt G-
quadruplex formation results in micelle destabilization and cargo
release.

in serum for >24 h in the presence of FBS according to the
FRET stability assay (Figure 6A; orange). However, upon the
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Figure 6. Programmable micelle stability. (A) Plot of FRET ratios
upon addition of antisense oligonucleotides. The perfectly comple-
mentary oligonucleotide (blue) disrupts the stability of diC18-
UGGGU-ext micelles (orange), which looks similar to the diC18-
UUUUU-ext micelles (purple). Antisense strands that do not disrupt
the G-quadruplex (red) or contain a 3-base mutation (green) do not
affect micelle stability. (B) Change in FRET ratio upon titration of the
perfectly complementary antisense oligonucleotide. “Molar eq”
indicates molar equivalent of antisense oligonucleotide as compared
to the concentration of the diC18-UGGGU-ext micelles.

addition of equimolar amounts of a perfectly complementary
oligonucleotide, the stability is lost (Figure 6A; blue, t,,, = 0.60
+ 0.03 h), and the FRET ratio decreased at a rate similar to that
of diC18-UUUUU-ext micelles (Figure 6A; purple, t;, = 0.44
+ 0.03 h). The onset of triggered release is rapid and can be
induced at a desired time point following preincubation (SI
Figure S11). On the other hand, micelles remain intact when an
antisense oligonucleotide is introduced that does not hybridize
with the G-quadruplex forming sequence, UGGGU (Figure 64,
red) or contains a 3-base mismatch (Figure 6A, green).
Hybridization of antisense oligonucleotides with micelles was
confirmed by gel electrophoresis (SI Figure S12).

When the perfectly complementary oligonucleotide is
titrated in molar equivalents to diC18-UGGGU-ext micelles,
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micelle stability is completely disrupted in the presence of
0.75:1 or greater (1:1 or 2:1) amounts of the antisense
oligonucleotide (Figure 6B). The addition of lower levels
(<0.75:1) resulted in intermediate levels of dye release.
Interestingly, all micelles decay with similar rates (t,,, 0.69 +
0.09 h) suggesting that only a subset of micelles is loaded with
enough antisense oligonucleotide to destabilize and release
cargo. Thus, it appears that hybridization to the extension and
infiltration of the quadruplex may proceed in a cooperative
manner in which hybridization “primes” a given particle for
additional hybridization events. Cooperative transitions have
been observed with other oligonucleotide functionalized
nanoparticle systems.>® A more detailed mechanistic analysis
to confirm this is currently underway.

In summary, we have designed a lipid-based micelle bearing a
RNA modification at the lipid headgroup that forms a G-
quadruplex which stabilizes the micelle in serum. By extending
the RNA sequence at the 3’ end, micelle destabilization can be
programmed by introduction of a complementary oligonucleo-
tide which infiltrates the quadruplex leading to cargo release.
Finally, while our work here has focused on the use of a simple
G-quadruplex as a stabilizing element, it is easy to envision how
this approach could be incorporated into much more complex
systems and nanoscale devices.
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