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Abstract: Functional nanomaterials
based on molecular self-assembly hold
great promise for applications in bio-
medicine and biotechnology. However,
their efficacy could be a problem and
can be improved by precisely control-
ling the size, structure, and functions.
This would require a molecular engi-
neering design capable of producing
monodispersed functional materials
characterized by beneficial changes in
size, shape, and chemical structure. To
address this challenge, we have de-
signed and constructed a series of am-
phiphilic oligonucleotide molecules. In
aqueous solutions, the amphiphilic oli-
gonucleotide molecules, consisting of a
hydrophilic oligonucleotide covalently

spontaneously self-assemble into mon-
odispersed, three-dimensional micellar
nanostructures with a lipid core and a
DNA corona. These hierarchical archi-
tectures are results of intermolecular
hydrophobic interactions. Experimental
testing further showed that these types
of micelles have excellent thermal sta-
bility and their size can be fine-tuned
by changing the length of the DNA se-
quence. Moreover, in the micelle
system, the molecular recognition
properties of DNA are intact, thus, our
DNA micelles can hybridize with com-
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plimentary sequences while retaining
their structural integrity. Importantly,
when interacting with cell membranes,
the highly charged DNA micelles are
able to disintegrate themselves and
insert into the cell membrane, complet-
ing the process of internalization by en-
docytosis. Interestingly, the fluores-
cence was found accumulated in con-
fined regions of cytosole. Finally, we
show that the kinetics of this internali-
zation process is size-dependent.
Therefore, cell permeability, combined
with small sizes and natural nontoxicity
are all excellent features that make our
DNA-micelles highly suitable for a va-
riety of applications in nanobiotechnol-
ogy, cell biology, and drug delivery sys-

linked to hydrophobic diacyllipid tails,

Introduction

The increasing attention given to the construction of com-
plex supramolecular structures from simple amphiphilic
molecules by molecular self-assembly can be attributed to
their broad spectrum of applications, ranging from molecu-
lar electronics to biomedicine."*! Amphiphilic peptides,!
nucleic acids,? lipids,*! and polymers™ have been shown to
generate ordered supramolecular structures such as mono-
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tems.

layers, micelles, vesicles, bilayers, and nanotubes. For bio-
medical applications, micelle structures are of particular in-
terest because of their small size, good biocompatibility,
high stability both in vitro and in vivo, and their ability to
carry poorly soluble pharmaceuticals into intracellular re-
gions.

The ability to produce supramolecular assemblies with ac-
curate control over their composition, structure, and func-
tion on the nanometer scale is highly desired. Recently, mi-
cellar aggregates composed of a single-stranded DNA
corona and a hydrophobic polymer core have emerged as
new types of functional micelles.”) These micelles have been
synthesized and applied for the delivery of antisense
DNA ® as a 3D scaffold for organic reactions,*! and as a
combinatorial tool for cancer nanotechnology.?s! While a va-
riety of DNA-micelle systems have been demonstrated,”
the coupling between synthetic DNA and the hydrophobic
tail has often been inefficient; in some cases, an extra purifi-
cation process, such as PAGE or agarose gel electrophoresis,
is needed. More importantly, the size of the assembly is usu-
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ally not well-controlled, as the polymer has a wide molecu-
lar weight distribution.” A uniform size distribution is fa-
vored over a broad distribution because of the unpredictable
change of micelles’ pharmacokinetic parameters. Apparent-
ly, the design and construction of well-defined micelle sys-
tems is central to the development of nanobiotechnological
applications. However, achieving this goal demands precise
molecular engineering of the corresponding building blocks,
since all the information required for the assembly must be
encoded in its molecular architecture. To date, studies de-
scribing the construction of such well-defined oligonucleo-
tide-micelle structures are scare.'™ In addition, the detailed
structure—property characterization of DNA-micelles has
not been reported. The present study, which addresses both
gaps in our knowledge, reports the design and construction
of a well-defined DNA-micelle system through a DNA-di-
acyllipid conjugate. We show that a diacyllipid tail can be ef-
ficiently incorporated at the 5’ end of oligonucleotides by
solid-phase DNA synthesis. When dispersed in aqueous so-
lution, such amphiphilic DNA spontaneously self-assembled
into a monodispersed micelle structure. We investigated the
self-assembly properties, including micellar stability, by
means of fluorescence techniques, gel electrophoresis,
atomic force microscopy (AFM), and dynamic light scatter-
ing (DLS). Finally, we demonstrated that these DNA-mi-
celles disintegrate themselves when incubated with biologi-
cal cells, permeating the cell membrane by a process of en-
docytosis. Thus, it is additionally interesting to discover that
the permeability of our DNA-micelles is size-dependent.
Our oligonucleotide-lipid conjugates have the same basic
architecture as phospholipids, but they consist of distinct
and highly negatively charged DNA chains covalently
linked with two hydrocarbons. We highlight the simple and
efficient synthesis and assembly of our DNA-micelles. Their
unique properties, such as excellent cell permeability, low
critical micelle concentration (CMC), and nontoxicity, may
lead to their applications in drug delivery and cell biology.

Results and Discussion

Natural systems are known to self-assemble into complex ar-
chitectures with structural precision and a high level of con-
trol. In an attempt to mimic this process, the ability to con-
trol the size, shape, and function of the micelle assembly is
highly desired. In developing well-defined, stable oligonu-
cleotide supramolecular structures, our attention was there-
fore directed towards a practical method for conjugating a
hydrophobic diacyllipid to DNA. We hypothesized that a
precise molecular architecture would ultimately lead to a
uniform assembly. Previous DNA-polymer conjugates had
suffered low reaction yield, purification difficulties, and
broad molecular weight distributions.”®<l Inspired by recent
success in the solid-phase synthesis of hydrophobic conju-
gates of oligonucleotides,™ we adapted a similar strategy
and synthesized a lipid phosphoramidite to meet our design
requirements.
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Our design is illustrated in Figure 1. The amphiphilic
building block can be divided into three distinct segments.
The first segment is a single-stranded DNA, which is highly
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Figure 1. Schematic of the design and assembly of DNA micelles. a) Oli-
gonucleotide micelles contain a DNA corona, a pyrene unit (fluorescence
reporter), and a lipid core. b) Molecular structure of pyrene and lipid
unit.

hydrophilic. DNA was chosen as a micelle-forming material
because of its well-defined structure as well as its versatile
chemical and biological functions. The second segment is a
pyrene molecule. Here, a pyrene unit acts as a fluorescence
reporter because it has unique fluorescence characteristics
that have been widely used to probe the aggregation behav-
ior of various systems.! The highly hydrophobic third seg-
ment is composed of two C18 hydrocarbon tails. In water,
the hydrophobic effect is the driving force for micelle for-
mation. Based on the amphiphilic nature of our design, we
hypothesized that the DNA-lipid molecules would be able
to self-assemble as a result of the hydrophobic effect. In ad-
dition, both the size and the function of the micelles can be
readily adjusted by fine tuning the sequence of the DNA
corona. This provides unique control over the construction
of nanostructures, which, in turn, results in significant diver-
sity, flexibility, and functionality.

Our facile synthesis includes a pyrene and a diacyllipid
phosphoramidite. The introduction of phosphoramidite
chemistry allows a synthesis of all the components in a fully
automated fashion, which greatly increases the reaction
yield. The amphiphiles were prepared in moderate yield (es-
timated 60 % lipid coupling yield) by solid-phase synthesis
on controlled pore glass beads (CPG) (see Figure S1 in the
Supporting Information). The lipid coupling was confirmed
by mass spectrometry (see Figure S2 in the Supporting In-
formation). Four amphiphiles with different DNA lengths
(random sequences, lipo-n, where n denotes the length of
oligonucleotides) were prepared and used for the self-as-
sembly. In aqueous solutions, these DNA amphiphiles spon-
taneously self-assembled into three-dimensional spherical
micelles with a DNA corona and a lipid core. The self-as-
sembly characteristics were then investigated by employing
fluorescence techniques. In the aggregation state, the pyrene
units, which were designed to be close to the lipid tails, are
spatially proximate to each other and give excimer-type
fluorescence of pyrene.’! All four DNA-micelles used in
this study revealed a broad emission of the pyrene excimer
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at 480 nm with an excitation at 350 nm in aqueous solution,
as shown by the fluorescent spectra in Figure 2a. This result
shows the strong m—m excitonic interactions of the pyrene
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Figure 2. Characterization of DNA-micelles by fluorescence and gel tech-
niques. a) Fluorescence spectra analysis of the assembled micelles. b)
Photographic image of micelle aggregation in different solvent systems.
From left to right: ddH2O, Py-20 (same sequence as lipo-20, but no lipid
was coupled) in PBS buffer, lipo-20 in PBS and acetone mixture (v/v
50:50), and lipo-20 in PBS buffer. Samples were illuminated by a UV
transilluminator (312 nm) and photographed by a digital camera. ¢) and
d) 4% agarose gel analysis of amphiphilic DNA. From left to right: Py-
20, lipo-5, lipo-10, lipo-20, and lipo-50. ¢) Gel ran in 1XTBE buffer. d)
Gel ran in 1xTBE buffer containing 0.8 % SDS.

chromophores in the micelle systems, which indicates the
well-organized state of the assembled micelles. In addition,
when a DNA without lipid (py-20; same sequence as lipo-
20, but without lipid coupling) was tested, no excimer fluo-
rescence was observed (Figure2a, b). Amphiphilic assem-
blies normally form in response to compositional changes of
the solvent. Figure 2b shows images of micelles in different
solvent systems. As expected, the micelle structures are dis-
rupted when acetone (a good solvent for lipid) was added as
a cosolvent. These results strongly suggest the formation of
aggregates when the DNA amphiphiles were dispersed in
water. Importantly, the hybridization of the complementary
DNA by formation of Watson—Crick base pairs does not
seem to affect the aggregation (see Figure S3 in the Sup-
porting Information), which suggests that it is possible to
further manipulate these assemblies. Taken together, the
fluorescence outcome matches a key objective of our design
strategy because it proves our ability to obtain the desired
aggregation assemblies. We also noticed that for an effecitve
micelle formation, diacyllipid is crucial. When a monoacylli-
pid (single C18 hydrocarbon, less hydrophobic) was used, no
micelle formed, even at millimolar concentration.

Unlike previously reported DNA-polymer conjugates
that have a range of molecular weights and sizes, > our
design has a precise molecular architecture. Therefore, we
designed further experiments to test whether our DNA am-
phiphiles could self-assemble into well-defined, homogene-
ous micelles. To accomplish this, we conducted agarose gel
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electrophoresis experiments. Gel electrophoresis is a power-
ful technique in biology and is the standard method used to
separate, identify, and purify nucleic acids with different
sizes. We hypothesized that micelle aggregation in the gel
matrix would result in slow moving bands with green fluo-
rescence (pyrene excimer). On the other hand, if aggrega-
tions were to be disrupted, we further hypothesized that
only fast moving bands with violet fluorescence (monomeric
pyrene) would be observed. In addition, a sharp or con-
densed band would be consistent with uniform size and
unique conformation. Since the mobility of our DNA am-
phiphiles solely depended on the length of the DNA, shorter
DNA assemblies would generally be expected to migrate
faster in the gel. As shown in Figure 2c¢, in TBE buffer, each
DNA assembly migrated as a single, sharp band with expect-
ed mobility, suggesting that the micelle aggregations were
stably formed. It should be noted that the self-assembled
structures exhibited single sharp bands for all of the assem-
blies, indicating that all the micelles are quite uniform in ag-
gregation number. Nonetheless, attempts to estimate the ag-
gregation number by a reported method?” yielded inconclu-
sive results, which was most likely caused by the interfer-
ence of the highly charged DNA. To further prove that the
slow mobility was a result of aggregation, we added 0.8%
(w/v) sodium dodecyl sulfate (SDS) to the gel. At this con-
centration, SDS can disrupt micelles, resulting in a loss of
hydrophobic interactions.'”! As expected, under UV illumi-
nation, all the DNA migrated as faster single violet (mono-
meric pyrene) bands (Figure 2d), demonstrating conclusive-
ly that the aggregation of DNA micelles was actually a
result of the hydrophobic effect caused by the diacyllipid
tails.

To provide direct evidence of amphiphilic DNA self-as-
sembly into micelles, we imaged the sample using tapping
mode atomic force microscopy (AFM) in PBS buffer. AFM
images revealed a dense layer of highly uniform spherical
particles (Figure 3a). The morphological characteristics of
the DNA-micelles under AFM were quite different from
those of the synthetic diblock polymer micelles. The height
of the micelles, as measured by AFM, was about 1.2 nm, a
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Figure 3. Size analysis of DNA-micelles. a) AFM topography image of
the self-assembled micelle (lipo-20) deposit on a mica surface. The
sample was pipetted onto a freshly cleaved mica surface and imaged by
tapping-mode AFM in PBS buffer. Dynamic light scattering (DLS) data
of lipo-5 (b), lipo-10 (c), lipo-20 (d), and lipo-50 (e).
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value about half that of a double-strand DNA measured in
liquid.™! However, it is known that strong electrostatic in-
teractions with the substrate and the vertical forces in tap-
ping mode AFM commonly deform soft materials, leading
to compressed morphologies."! Therefore, we used an alter-
nate method, dynamic light scattering (DLS), which pro-
vides a fast, direct measurement of the physical sizes, as well
as aggregation data for the dissolved DNA-micelles
(Figure 3). The hydrodynamic diameters in PBS buffer, as
measured by DLS, for lipo-5, lipo-10, lipo-20, and lipo-50,
were 7.8, 9.5, 14.6, and 36.4 nm, respectively. These values
agree well with the sizes of micelle aggregations, but they
are far less than those in previously reported DNA vesic-
les.’*! Despite the unknown conformation and persistence
data for ssDNA, micelle size that is linearly proportional to
DNA length suggests a predictable relationship. We believe
the highly uniform sizes of these micelles originate from two
sources. First, our precisely engineered molecular building
block facilitates the uniform assembly. Second, the highly
negatively charged oligonucleotides repel each other and
stretch themselves without tangling together.['*!

The stability of our DNA-micelles was then investigated.
Remarkably, all DNA-micelle solutions had very low criti-
cal micelle concentrations (below 10 nm; see Figure S4 in
the Supporting Information). Because of the limited fluores-
cence of pyrene, we note that 10 nm should be considered
the upper limit of CMC, rather than the actual values. Nev-
ertheless, these extremely low CMCs indicate excellent sta-
bility compared to polymer-micelle systems.'"! The thermal
stability of the DNA-micelles was also investigated. In the
presence of counterions (1xPBS buffer, 137 mm Nat,
2.7 mmK™*), DNA-micelles maintained their integrity (exci-
mer-type fluorescence peak), even at 95°C. When the tem-
perature study was conducted in pure water, however, the
excimer-type fluorescence vanished as the temperature in-
creased, while the monomeric fluorescence increased its in-
tensity, showing a ratiometric response (see Figure S5 in the
Supporting Information). These data indicate that counter-
ions can greatly stabilize the DNA-micelles, most likely by
minimizing the anionic charge repulsion between DNA
chains. We believe that the unusual stability of our DNA-
micelles partially arises from the design itself, where the co-
valent linkage of two dramatically distinct segments pre-
vents the dissociation and breakup of hydrophobic interac-
tions. Finally, the micelles are stable for at least 12 months
without formation of any precipitation when stored at 4°C.

DNA derivatives with lipophilic moieties, such as choles-
terol,”! dendrimers,["! polymers,” or lipids™® have been in-
tensively investigated for various applications. For example,
some of the membrane-recognition DNA has shown en-
hanced cellular uptake via a receptor-mediated mechanism
or by increased membrane permeability.”! However, cur-
rent published data associated with membrane-anchored
DNA focus exclusively on the effect of the hydrophobic
moieties. As DNA is an important component of our mi-
celles, we designed experiments to understand how DNA-
micelles with different sizes interact with cell membranes.
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To simplify the experiment, we first investigated the interac-
tion using a model membrane. Briefly, 2 uv DNA-micelles
were mixed with small unilamellar vesicles (SUVs, 200 um
DSPC) in PBS buffer, and the pyrene fluorescence was
monitored at different time intervals. Ratiometric fluores-
cence changes (excimer fluorescence decreases while mono-
mer fluorescence increases) were observed for all four
DNA-micelles (see Figure S6 in the Supporting Informa-
tion), indicating that fusion occurred between micelles and
vesicles. This result suggests that the DNA-micelles dissoci-
ate and insert into the model membrane spontaneously. In-
terestingly, the sizes of DNA-micelles greatly affect the
fusion kinetics. Small micelles have faster fusion rate, where-
as large DNA-micelles show slow fluorescence response
(see Figure S6 in the Supporting Information). A possible
explanation is that large micelles have more densely charged
coronas, which protect the lipid from exposure to phospho-
lipid vesicles. It was also reported that exposure of the mem-
brane recognition moiety is necessary for efficient cell inter-
nalization."”

Having established the fusion between DNA-micelles and
synthetic liposomes, we next investigated the affinity be-
tween the DNA-micelles and a plasma membrane. 200 nm
3’-FAM-labeled DNA-micelles (lipo-n-FAM, same sequence
as lipo-n) were incubated with cultured human T lympho-
blast cell line from acute lymphoblastic leukemia (CCRF-
CEM cells) for one hour. Both confocal microscopy and
flow cytometry were used to image and quantify the fluores-
cent profiles. FAM-20, a 20 mer DNA that lacks the lipid
moiety, was used as a control. CEM cells treated with
DNA-micelles were highly fluorescent when compared to
those treated with the controls (Figure 4). To quantify the
fluorescence, we used flow cytometry for a statistical analy-
sis. Flow data revealed that CEM cells treated with DNA-
micelles were 601 (lipo-5-FAM), 341 (lipo-10-FAM), 240
(lipo-20-FAM), and 85 (lipo-50-FAM) times more fluores-
cent than the population treated with control. Although the
efficiency may be further optimized by varying many param-
eters of the internalization experiments, these results indi-
cate that our DNA-micelles have a strong affinity toward
the plasma membrane. In addition, similar to the previous
fusion data obtained by using DSPC vesicles, the fluores-
cence enhancements are size-dependent. Small micelles give
larger fluorescence enhancement (lipo-5-FAM, 601 times,
for example), whereas the enhancement decreases to 85
times when big micelles (lipo-50-FAM) were used. The flow
cytometry data are in excellent agreement with the confocal
imaging (Figure 4).

A higher magnification image reveals the cellular distribu-
tion of the DNA (Figure Sa). To get clear fluorescence
images, we replaced the 3-FAM with TAMRA because
FAM is extremely pH sensitive. The fluorescence DNA was
found to be uniformly distributed on the plasma membrane
and also accumulated inside the cells. Next, we explored the
cellular locations of the internalized DNA. Co-localization
of our DNA-micelles via a better-characterized endocytic
pathway, namely transferrin receptor (TfR)-mediated endo-
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Figure 4. Interactions between DNA-micelles and CEM cells. Cells were
treated with 200 nm DNA-micelles (top panels) and control (bottom
panels) for 1 h and subsequently examined by using confocal microscopy.
a) and c) Fluorescence images; b) and d) transmitted images; e) flow cy-
tometry data. The total mean fluorescence of the cell populations is 2.63
(untreated cells), 5.28 (FAM-20, control), 451 (lipo-50-FAM), 1270 (lipo-
20-FAM), 1802 (lipo-10-FAM), and 3174 (lipo-5-FAM); scale bar: 50 pum.

Figure 5. Localization and distribution of the DNA-micelles in CEM
cells. CEM cells were treated with TAMRA-labeled DNA-micelles
(200 nm) and Tf-Alexa 633 (5 ugmL™") for 30 min. After washing, cells
were imaged for the TAMRA fragment (a) and transferrin Alexa 633
(b); c) overlay of a and b. scale bar: 20 um.

cytosis,"®! was examined by confocal microscopy. As shown
in Figure 5, the cell fluorescence after treatment with DNA-
micelles was found to co-localize with Tf-containing endo-
somes, suggesting that the DNA accumulates in endosomes.
It is known that amphiphilic molecules can avidly incorpo-
rate themselves in cellular plasma membranes and rapidly
cycle between the plasma membrane and intracellular endo-
somes."! Thus, the findings of fluorescence accumulation on
membrane and in endosome, plus the fusion between DNA-
micelles and vesicles, strongly suggest that our DNA-mi-
celles undergo a similar endocytic cell uptake mechanism.
Amphiphilic molecules, such as SDS, exhibit dose-depen-
dent toxicity to biological systems.” To examine the toxicity
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of the DNA-micelles, cellular viability was assessed by flow
cytometry. Lipo-20 was incubated with CCRF-CEM cells at
different concentrations, and the dead cells were determined
by a PI staining assay. Under these conditions, virtually no
cell death was observed, even at high micelle concentration
(5 um DNA), thus showing no signs of cytotoxicity (see Fig-
ure S7 in the Supporting Information).

In our experiments, we did not observe fluorescence
escape from endosomes. The fact that fluorescence can only
be observed on cell membranes and endosomes might be ex-
plained by the strong hydrophobicity of the lipid molecule
we used. Enrichment of lipophilic oligonucleotides on cell
membrane and endosome might be explored for targeting
specific receptors, for example, several categories of toll-like
receptors (TLR3, TLR7, TLRS8, and TLRY) are found pri-
marily on endosomal membranes.’!! Thus, our DNA-mi-
celles might then be used for delivery of DNA/RNA or
other targets which can specifically interact with toll-like re-
ceptors to enhance immunogenicity. On the other hand, a
stable insertion of functional DNA (aptamer) onto a cell
surface can be applied for designing artificial cell membrane
receptors. We are currently exploring this line of research.

Conclusion

In summary, we have designed and constructed highly
stable, well-defined oligonucleotide micelles; these micelles
have a hydrophobic lipid core and a hydrophilic DNA
corona. Preliminary data showed that the DNA-micelles
showed a size-dependent affinity toward cell membranes
and could be internalized by endocytosis. This design can be
applied to any type of functional oligonucleotide (RNA,
aptamer or DNAzyme),”” making it attractive for the as-
sembly of functionally controlled structures. In addition, the
fact that the DNA-lipid can permeate a plasma membrane
suggests that these micelles could serve as an artificial cell
membrane receptor.”*! We believe that the monodispersed
size, high stability, and size-dependent cell permeability of
this class of micelles will find applications in nanobiotech-
nology, cell biology, and drug delivery.

Experimental Section

Materials: Unless otherwise stated, all solvents and chemicals were ob-
tained from Sigma—-Aldrich without further purification. HPLC was per-
formed on a Varian Prostar system; UV/Vis was recorded on a Varian
Cary 100 spectrophotometer; fluorescence spectra were obtained on a
SPEX FluoroLog fluorometer; '"H NMR and *PNMR were recorded on
a Varian Mercury (300 MHz) spectrometer using tetramethylsilane
(TMS) as an internal standard; chemical shifts are reported in ppm (d)
referenced to TMS. Oligonucleotides were synthesized in 1.0 micromolar
scale on an automated DNA synthesizer (ABI 3400, Applied Biosystems,
Inc.). After cleavage and deprotection with aqueous ammonium hydrox-
ide (55°C, 14 h), the DNA was purified by reverse-phase HPLC and
quantified by UV spectrometer.

DNA synthesis: All DNA sequences were synthesized by using the ABI
3400 synthesizer on a 1.0 micromolar scale. Pyrene phosphoramidite was
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coupled by extended coupling time (900 s). Lipid phosphoramidite was
dissolved in dichloromethane and was coupled by the so-called syringe
synthesis technique. As an alternative, diacyllipid phosphoramidite could
also be coupled by using the DNA synthesizer. After the synthesis, the
DNA was cleaved and deprotected from the CPG and purified by re-
verse-phase HPLC using a C4 column (BioBasic-4, 200 mm x 4.6 mm,
Thermo Scientific) with 100 mm triethylamine-acetic acid buffer (TEAA,
pH 7.5) and acetonitrile (0-30 min, 10-100% ) as an eluent (see Figure S1
in the Supporting Information).

Lipo-5: 5'-Lipo-Py-TTT TT-3'
Lipo-10: 5'-Lipo-Py-TTT TTT TTT T-3
Lipo-20: 5'-Lipo-Py- AAA AAA AAT CAC AGA TGA GT-3

Lipo-50: 5'-Lipo-Py- AAA AAA AAT CAC AGA TGA GTC TCT
AAA AAG CCT AAA AAC ACG TGC GTA GA-3'.

Agarose gel electrophoresis: Each DNA sample (1 pg) was analyzed by
electrophoresis for about 90 min, under constant 75V, through a 4%
agarose gel in 1XTBE (tris(hydroxymethyl)aminomethane (Tris, 89 mm),
ethylenediamine tetraacetic acid (EDTA, 2 mm), and boric acid (89 mm),
pH 8.0) buffer. The DNA bands were visualized by UV illumination
(312 nm) and photographed by a digital camera.

Critical micelle concentration determination: Typically, amphiphilic
DNA was diluted in series concentrations using PBS buffer (120 uL). An
equal volume of acetone was added to the solutions so that the excimer
fluorescence disappeared. The acetone was evaporated by a speed
vacuum, and the volume of the solution became about 50 pL. The solu-
tions were then diluted to 120 uL, and the fluorescence spectrum was
measured by a fluorometer. The critical micelle concentration was deter-
mined by the distinguishable pyrene excimer fluorescence of the corre-
sponding DNA concentration.

Micelle characterization: AFM images were obtained by using a Nano-
scope IIla (Digital Instruments) operated under tapping mode. A drop of
DNA sample solution (2 pL) was spotted onto freshly cleaved mica (Ted
Pella, Inc.) and left to adsorb to the surface for 30 s; then, 1xPBS buffer
(50 uL) was placed onto the mica. Imaging was performed by tapping-
mode AFM under PBS buffer in a fluid cell, using NSCI18/ALBS tips
(Silicon cantilever, MikroMasch, Inc.). The tip-surface interaction was
minimized by optimizing the scan set-point. The particle sizes (diameters)
and their distribution were measured by a ZetaPALS DLS detector
(Brookhaven Instruments, Holtsville, NY, USA) at 25°C. The scattering
angle was fixed at 90°.

CEM cell culture: CCRF-CEM cells (CCL-119 T-cell, human acute lym-
phoblastic leukemia) were obtained from ATCC (American Type Culture
Association). CEM cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Invitrogen) at
37°C in 5% CO,. Cells (200 pL, 1x10° cells/mL) were cultured in a 96-
well plate, incubated with DNA micelles (200 nm DNA), and imaged by
using scanning confocal microscopy.

Flow cytometric assay for detection of dead cells: CEM Cells (200 uL,
1x10° cells per mL) were suspended in 1xPBS buffer and cultured in a
96-well plate. After incubation with DNA micelles (200 nm DNA) for
4 h, cells were washed twice with 1xPBS buffer and were cultured for an
additional 48 h. The cells were stained with propidium iodide PI dye (PI;
Invitrogen, Carlsbad, CA, 1 ugmL™') at room temperature for 20 min to
test cell viability. Dead cells, which can accumulate the dye and show red
fluorescence, were determined by a FACScan cytometer (Becton Dickin-
son Immunocytometry Systems, San Jose, CA).

Preparation of small unilamellar vesicles (SUVs): Stock lipids (1,2-dis-
tearoyl-sn-glycero-3-phosphocholine, DSPC) were dried from chloroform
solution under nitrogen and then under vacuum overnight. The lipids
were re-suspended in a 1xPBS solution, pH 7.4, by vortex mixing. The
lipid suspension was then passed through two stacked polycarbonate fil-
ters (100 nm) nineteen times in a mini-extruder (Avatilipids). The result
is a suspension of small unilamellar vesicles containing a total of 1 mm
phospholipids in PBS buffer.
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