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ABSTRACT: Because of their facile preparation, small size
(<100 nm), programmable design, and biocompatibility,
lipid-based DNA micelles show enormous potential as a
tool to monitor biological events and treat human diseases.
However, their structural stability in biological matrices
suffers from spatiotemporal variability, thus limiting their in
vivo use. Herein, we have engineered stability-tunable DNA
micelle flares using photocontrollable dissociation of
intermolecular G-quadruplexes, which confers DNA micelle
flares with robust structural stability against disruption by
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serum albumin. However, once exposed to light, the G-quadruplex formation is blocked by strand hybridization, resulting
in the loss of stability in the presence of serum albumin and subsequent cellular uptake. This programmable regulation to
stabilize lipid-based micelles in the presence of fatty-acid-binding serum albumin should further the development of

biocompatible DNA micelles for in vivo applications.
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or biological use, optimal physicochemical properties

(e.g, shape, size, stability, and surface groups) of

nanoparticles demonstrate spatiotemporal variance with-
in the living body.'™* Such variability has stimulated the
development of advanced nanoparticles that can change their
physicochemical properties in response to internal or external
stimuli for improved biocompatibility.~”

Lipid-based DNA micelles are three-dimensional spherical
nanoparticles self-assembled from amphiphilic molecules
composed of two segments: programmable DNA strands as
corona and hydrophobic lipid tails as core. Thus, because of
their facile preparation, small size (<100 nm), programmable
design of DNA, and biocompatibility, these well-defined
nanostructures show enormous potential as a tool to monitor
biological events and treat human diseases.* ™' However,
optimum structural stability in biological matrices is subject to

-4 ACS Publications  © 2017 American Chemical Society 12087

spatiotemporal variability, thus limiting the use of DNA
micelles, particularly in vivo. For example, in blood circulation,
DNA micelles need to maintain their structure in order to avoid
intrinsic insertion into the hydrophobic core of serum

. 11-1
albumin.'* ™%

Complexes of lipid-conjugated DNA—serum
albumin accumulate at metabolism- or immune-related organs,
like the liver'® and lymph nodes,'” possibly indicating that
these DNA micelles could lose their functionality in other
organs. On the other hand, upon reaching their target of

interest, micelles must dissociate for effective cellular uptake
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Scheme 1. Schematic of stability-tunable DNA micelles. Intermolecular G-quadruplex stabilizes DNA micelles against disruption
by serum albumin. However, upon exposure to UV light, C6-cDNA is released to block the formation of G-quadruplex, resulting
in the dissociation of micelles in serum albumin. Note: Purple core inside of micelle indicates hydrophobic lipid core.
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Figure 1. (a) Schematic of self-assembly of DNA micelles and their disruption in the presence of serum albumin (BSA). (b) AFM image of
DNA micelle. For lipid-based DNA micelles (28-base DNA), the particle size is about 32 nm. (c) Fluorescence spectroscopy of pyrene-
modified DNA and DNA micelles. Emission at 375 and 475 nm indicates monomeric and excimer fluorescence of the pyrene molecule,
respectively. (d) Fluorescence spectroscopy of Nile Red dye incubated with lipid-conjugated DNA (red line) and DNA alone (black line). (e)
Calculated percentage of DNA micelles in micellar state with the increase of BSA concentration.

and drug delivery. These circumstances call for stability-tunable
DNA micelles.

Recently, intermolecular G-quadruplexes'” and covalent
cross-links'® have been employed as adhesives to stabilize
DNA micelles. However, studies reporting stability-tunable
DNA micelles are scarce. Therefore, in the present work, we
draw on the marked difference in stability between DNA
micelles with and without G-quadruplexes and reason that
regulated formation of G-quadruplexes can alter the stability of
G-quadruplex-locked DNA micelles against the disruption of
serum albumin. As a remote control over spatiotemporal
response, photoirradiation was chosen as a noninvasive
technique in this design. As shown in Scheme 1, before UV
irradiation, C6-cDNA (complementary DNA with six cytosine
bases at the 3'-terminus to block the formation of G-
quadruplex) is caged in the hairpin DNA and cannot block
the formation of a G-quadruplex. However, upon exposure to
UV light, C6-cDNA is released to hybridize with G6 DNA,
thereby blocking the formation of intermolecular G-quad-
ruplexes and resulting in the dissociation of micelles by the
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bovine serum albumin (BSA) solution. Importantly, after
photoirradiation, DNA micelles display robust cellular uptake.
This programmable regulation to stabilize lipid-based micelles
in the presence of fatty-acid-binding serum albumin should
further the development of biocompatible DNA micelles for in
vivo applications.

RESULTS/DISCUSSION

Lipid-based DNA micelles were formed by hydrophobic self-
assembly from lipid-conjugated DNA in DPBS buffer with S
mM Mg2+ (Figure la). Atomic force microscopy (AFM)
analysis indicates their spherical structure and uniform size
(Figures 1b and S7). Pyrene molecules, which have excimer
fluorescence in the aggregated state, were also used to prove the
formation of the micelle structure.'® As shown in Figure 1c, a
bright excimer fluorescence peak was observed at 475 nm,
demonstrating the formation of aggregated micelle particles in
lipid-conjugated DNA solution. In contrast, DNA without lipid
tail has no emission at 475 nm, indicating the presence of
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Figure 2. (a) Schematic of self-assembly of G-quadruplex-locked DNA micelles and their stability in BSA solution. (b) CD spectrum of G-
quadruplex-locked DNA micelles. The formation of G-quadruplex among DNA strands was indicated by the shifting of positive peaks from
278 nm toward 262 nm and troughs at 245 nm, as the number of guanines in the structure increased. (c) Calculated percentage of DNA
micelles with or without G-quadruplex in the presence of BSA for 20 min incubation. (d) Time-dependent analysis of the percentage of G6
DNA micelles and GO DNA micelles in the presence of 10 uM BSA.

monomeric DNA (Figure 1lc, black line). Nile Red, a
fluorescent dye that displays significant fluorescence in
hydrophobic media, but negligible emission in aqueous
solution, was used to determine the encapsulation of guest
molecules to further assess the formation of the micellar
structure.”” Nile Red incubated with lipid-conjugated DNA
displays a significant fluorescence emission at 635 nm,
indicating the formation of a hydrophobic core (Figure 1d).
This cumulative evidence supports the self-assembly of lipid-
conjugated DNA into micelle nanoparticles.

Having confirmed the formation of DNA micelles from lipid-
conjugated DNA, we further investigated the stability of DNA
micelles in the presence of serum albumin. It is well-known that
serum albumin is a transporter of fatty acids in blood
circulation; therefore, the stability of lipid-based DNA micelles
in the presence of serum albumin would affect their use,
particularly when injected into the body through a vein. Figure
le shows the calculated percentage of lipid-conjugated DNA in
the micellar state after incubation with BSA. About 93% of
lipid-conjugated DNA was dissociated into its monomeric state
when incubated with 0.1 mM BSA. Since the concentration of
serum albumin in blood is about 0.51—0.85 mM, which is
greater than 0.1 mM, we can conclude that the injection of
native DNA micelles into blood would result in complete
dissociation of the micelles by serum albumin."

The complex of monomeric lipid-conjugated DNA—serum
albumin accumulates at immune or metabolic organs, such as
the liver'® and lymph nodes.” This could indicate that
unstable, i.e., dissociated, DNA micelles would most likely not
reach their target of interest. Therefore, techniques to stabilize
the spherical structure of DNA micelles may improve their
utility in vivo. Herein, intermolecular parallel G-quadruplexes
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were introduced into DNA micelles to lock the whole structure,
resulting in enhanced stability (Figure 2a). Circular dichroism
(CD) analysis of DNA micelles modified with guanine bases
demonstrates the formation of parallel] G-quadruplexes among
lipid-conjugated DNA strands, but only when the number of
guanine bases exceeds two (Figure 2b). Additionally, gel
electrophoresis analysis of G6 DNA micelles indicates that
almost all G6 DNA micelles were locked by G-quadruplexes
(Figure S10).

Next, the stability of G-quadruplex-locked DNA micelles in
BSA solution was investigated. As shown in Figure 2¢, G-
quadruplex-locked DNA micelles show significant improvement
in structural stability compared to that of micelles without a G-
quadruplex. For instance, G6 DNA micelles maintain about
73% micellar structure compared to 7% for GO (zero guanine
bases) DNA micelles. Additionally, time-dependent results of
G6 and GO DNA micelles treated with 10 M BSA indicate that
GO DNA micelles lost their structures quickly (<10 min),
whereas G6 DNA micelles maintained about 50% of their
structures, even after one hour (Figure 2d). In the presence of
potassium ion, neighboring guanine bases in the micellar
corona formed a G-quadruplex via Hoogsteen hydrogen bonds
and confined the hydrophobic lipid tails inside the micelle core,
resulting in stabilization of the micellar structure. LG3-DG3
DNA micelles, which have three guanines in L-chirality and
three guanines in D-chirality, were used to assay the effect of
chirality of guanine nucleotide on the stability of DNA micelles.
In Figure 2c, it can be seen that LG3-DG3 failed to significantly
improve the stability of DNA micelles compared to GO (Figure
2c). This was attributed to the incomplete formation of the G-
quadruplex (Figure 2b). Additionally, G-quadruplex-locked
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Figure 3. (a) Schematic showing programmable regulation of structural stability for G-quadruplex-locked DNA micelles by strand
hybridization. (b) Stability of G6 DNA micelles pretreated with C6-cDNA (blue line) and cDNA (red line) in the presence of BSA. (c)
Cellular binding of G6 DNA micelles to CEM cells before and after treatment with cDNA or C6-cDNA, as determined by flow cytometry.
Note: Left shows G6 DNA micelles alone; middle shows G6 DNA micelles+cDNA; right shows G6 DNA micelles+C6-cDNA. (d) 2% agarose
gel electrophoresis of G6 DNA micelles before and after hybridization with cDNA and C6-cDNA. The tailed DNA band in red indicates
unstable DNA micelles. In contrast, G6 DNA micelles alone and hybridization of micelles with cDNA have no tailed DNA band.

DNA micelles displayed excellent stability in cell lysate
compared to GO and LG3-DG3 DNA micelles (Figure S12).

Taken together, this evidence demonstrates that the
incorporation of G-quadruplexes into DNA micelles signifi-
cantly improved their structural stability. However, G6 DNA
micelles showed only negligible cellular binding compared to
GO DNA micelles (Figures S13, S14, and S1S). This is
attributed to the confinement of the hydrophobic lipid tails
inside the micelles (Figure S16). Negligible cellular uptake
limits intracellular application of G-quadruplex-locked DNA
micelles.

The marked difference in stability between GO and G6 DNA
micelles suggested that regulated formation of G-quadruplexes
could alter the stability of locked DNA micelles. Based on this
principle, C6-cDNA was designed to hybridize with G6 DNA
micelles to block G-quadruplex formation. The result indicates
that C6-cDNA exerts obvious down-regulation on the stability
of G6 DNA micelles (comparison of the percentage of micelles,
21.3% vs 71.8%). In contrast, cDNA, without six cytosine bases
at the 3'-terminus, has no effect on the formation of G-

quadruplexes (67.5% wvs 71.8%) (Figure 3b). Agarose gel
electrophoresis analysis also demonstrates the dissociation of
intermolecular G-quadruplexes after hybridization with C6-
cDNA, but not with ¢cDNA (Figure 3d). Moreover, after
hybridization with C6-cDNA, G6 DNA micelles display
obvious cellular binding (about 13-fold) compared to those
hybridized with cDNA (Figures 3c and S18).

Generally, it is not easy to find endogenic oligonucleotides
with at least four repeated cytosine bases at the 3'-terminus able
to hybridize with G-quadruplex-locked DNA micelles in such a
narrow space. Therefore, we next looked to other technologies
to remotely regulate the release of C6-cDNA. Photocontrol-
lable molecules, such as azobenzene and o-nitrobenzyl
derivatives, have been widelzr employed in optogenetics,”' >
controllable drug delivery”**® and nanomotor construc-
tion”* ™ because of their noninvasiveness and response to
spatiotemporal stimuli. Therefore, a commercially available
photocleavable linker (PC linker) was used to cage C6-cDNA
in a hairpin DNA (Figure S19). After photoirradiation, C6-
cDNA is released and then hybridized with G6 DNA micelles
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Figure 4. (a) Schematic of G-quadruplex-locked DNA micelles stabilized through photocontrolled regulation. Upon exposure to UV
irradiation, C6-cDNA was released to hybridize with G-quadruplex-locked DNA micelles, which resulted in the disruption of DNA micelles in
the presence of BSA. (b) Stability of photoregulated DNA micelles before (black line) and after (red line) exposure to light. (c) Confocal
fluorescence microscopy imaging of HeLa cells treated with photoregulated DNA micelles before and after UV irradiation. (d) Comparison of
relative fluorescence intensity of HeLa cells incubated with photoregulated DNA micelles before and after UV irradiation.

to block intermolecular G-quadruplex formation. This results in
the loss of stability of locked DNA micelles in the presence of
BSA, leading, in turn, to effective cellular uptake (Figure 4a).
Before photoirradiation, about 42.5% of micelles were locked,
which is lower than that of G6 DNA micelles (16-base DNA)
(73.0%). This can be explained by the higher base number in
the photocontrollable G6 DNA micelles system (60 vs 16).
However, upon exposure to light, obvious loss of stability was
observed (21.2% vs 42.5%). Gel electrophoresis analysis of this
system also indicated partial dissociation of G-quadruplexes
after UV irradiation (Figure $20). Importantly, after stimulus,
cellular uptake of these micelles by HeLa cells was improved
4.6-fold over these micelles without photoirradiation (Figure 4¢
and d).

CONCLUSIONS

In summary, hybridization-based molecular engineering was
employed to regulate the structural stability of G-quadruplex-
locked DNA micelles. Upon exposure to UV light, the G-
quadruplex-locked DNA micelles display obvious loss of
stability (21.2%) compared to its inert state (42.5%) in the
presence of BSA. Importantly, after photoirradiation, photo-
regulated DNA micelles now show obvious cellular uptake by
about 4.6-fold over that of the inert state, due to unblocking of
the hydrophobic lipid tails. This programmable regulation to
stabilize lipid-based micelles in the presence of fatty-acid-
binding serum albumin should further the development of
biocompatible DNA micelles for in vivo applications.

METHODS/EXPERIMENTAL

DNA Synthesis. ATGC bases and the labeled phosphoramidite
materials used in this article were purchased from Glen Research. Lipid
and pyrene phosphoramidite monomers were synthesized in our lab
(see details in the Supporting Information). All DNA strands used in
this work were synthesized on the PolyGen C12 DNA/RNA solid-
phase synthesizer on a 0.1 uM scale, using the corresponding
controlled pore glass (CPG). After synthesis, the obtained
oligonucleotides were cleaved and deprotected from the CPG,
followed by precipitation in cold ethanol solution at —20 °C
overnight. After centrifugation to remove the supernatant solution,
lipid-conjugated oligonucleotides were dissolved with 0.1 M triethyl-
amine acetate (TEAA) and purified by reversed-phase HPLC using a
BioBasic4 column (conventional DNA, C18 reverse-phase HPLC
column). Finally, the 4,4’-dimethytribenzyl group was removed from
DNA by adding 80% acetic acid aqueous solution and precipitation in
cold ethanol again. After drying under vacuum and desalting, the
obtained oligonucleotides were quantified by measuring their
absorbance at 260 nm.

Preparation of DNA Micelles. DNA micelles with and without
G-quadruplex were formed by hydrophobic self-assembly of lipid-
conjugated DNA in DPBS solution (5 mM Mg**). Briefly, the desalted
lipid-conjugated oligonucleotides were diluted with DPBS buffer (S
mM Mg™*) to the desired concentration, left at room temperature for
about two hours, and then used for the subsequent experiments.

Fluorescence Characterization of Pyrene-Modified DNA
Micelles. The fluorescence excimer of pyrene was used to assess
the stability of lipid-conjugated DNA micelles against disruption by
BSA and cellular lysate. BSA and cellular lysate with the desired
concentrations were added to the pyrene-modified DNA micelles
solution and incubated for 20 min. Fluorescence spectroscopy was
excited at 350 nm, and the emission was collected from 365 to 600 nm
with a bandwidth of S nm. For time-dependent stability analysis, 10
UM BSA was added to the 1 yM pyrene-modified DNA micelles
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solution and the fluorescence spectra were recorded every five
minutes.

Fluorescence Characterization of Nile Red-Encapsulated
DNA Micelles. DNA micelles and DNA were diluted with DPBS
(5 mM Mg*) to a final concentration of 1 #M (200 L), and then 2
uL of Nile Red stock solution (0.1 M in acetone) was added, to give a
final Nile Red concentration of 1 uM. The samples were vortexed
briefly, sealed, and incubated overnight at room temperature in the
absence of light. Fluorescence spectra were recorded at room
temperature using an excitation wavelength of 500 nm and monitoring
emission between 515 and 750 nm, with excitation and emission slit
widths both set at S nm.

AFM Analysis of Lipid-Based DNA Micelles. GO and G6 DNA
micelles were diluted to 5 M in DPBS (5 mM Mg*") buffer, and 10
uL of this solution was deposited on the freshly cleaved mica surface
and allowed to absorb for 5 min. Then 10 yL of Millipore water was
dropped on the surface and removed with filter paper. The mica
surface was then washed twice with a further 20 uL of Millipore water
and dried by nitrogen gas prior to imaging.

Cell Culture. HeLa cells were maintained in DMEM medium
supplemented with 10% fetal bovine serum and 0.5 mg/mL
penicillin—streptomycin at 37 °C in 5% CO,. CCRF-CEM (human
leukemia) cells were maintained in 1640 medium, supplemented with
10% fetal bovine serum and 0.5 mg/mL penicillin—streptomycin at 37
°C in §% CO,.

Cell Lysate Preparation. About two million CCRF-CEM cells
were washed twice with DPBS buffer and then dispersed in 500 mL of
DPBS buffer solution. The mixture was lysed with a sonicator for 2
min, and the resulting cell lysate solution was used immediately.

Flow Cytometry Analysis. Cells were washed twice with DPBS
buffer and then incubated with micelle solution for one hour under 37
°C. After incubation, cells were washed twice with DPBS buffer and
then subjected to a FACS assay.

Confocal Fluorescence Microscopy Imaging. HeLa cells were
placed in a 35 mm cell culture dish and grown to around 80%
confluence for 48 h before the experiment. Cells were washed with 1
mL of DPBS buffer. Then DNA micelles were incubated with cells for
the desired time. After incubation, cells were washed twice with DPBS
buffer and then subjected to a confocal fluorescence microscopy
imaging assay.

Photocontrolled Cleavage of PC Linker. A portable UV lamp
(6 W, irradiation at 365 nm) was chosen as light source to cleave the
PC linker and thus release C6-cDNA. For controllable cellular uptake,
HeLa cells were incubated with micelles and then exposed to a UV
lamp for S min followed by incubation for an additional two hours.
Afterward, HeLa cells with and without photoirradiation were washed
twice with DPBS buffer and then subjected to flow cytometry and
confocal fluorescence microscopy analysis.
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