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Nanoscale particles that undergo reversible and defined
changes in morphology in response to stimuli are expected
to have broad utility in a range of applications, including
targeted drug delivery, detection strategies, soft templates,
and self-healing materials. To date, programmable materials
with these properties have not been reported, despite the
many elegant examples of stimuli-responsive soft nanoparti-
cles and micelles." ! Inspired by the utility of DNA as an
informational molecule in nanotechnology,’>?” we report
herein DNA-encoded polymeric materials that are capable of
in situ controlled, selective, reversible, and user-defined shifts
in morphology. The design is based on polymeric micelles
formed from a novel set of amphiphilic DNA-brush copoly-
mers (Figure 1).'%*] By utilizing the sequence-selective
recognition properties of DNA,*! and its performance as a
substrate for selective enzymatic cleavage,” > information
stored in the micelle shell may be read and manipulated in
several modes, causing dramatic changes in morphology and
particle size.

The design rationale for DNA-programmed micelle
morphology is based on rules that govern the aggregation of
amphiphilic block copolymers.>*! Briefly, the phase (shape,
size, overall morphology) of assembled amphiphiles is
controlled by their geometric structure and electrostatics.””!
Therefore, it was hypothesized that DNA-brush copolymer
amphiphiles would assemble into micelles with morphologies
that are governed by sequence-selective interactions, which
allow manipulation of the magnitude of steric and electro-
static repulsions in the micelle shells. Changes in geometric
structure of the amphiphile are shown in Figure 1; larger cone
angles give higher surface curvature aggregates (i.e., spheres).
To demonstrate the concept of DNA-programmed micelle
phase transition, three types of sequence-selective interac-
tions were chosen: 1)enzymatic cleavage, 2)isothermal
hybridization of complementary single-stranded DNA
(ssDNA), and 3) thermal melting and annealing of DNA
duplexes.

The DNA-brush copolymer amphiphiles assemble into
spherical micelles (Figure 1, blue spheres) approximately
25 nm in diameter, as characterized by transmission electron
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Figure 1. Assembly of DNA-brush copolymers into micelles with spher-
ical or cylindrical morphologies. Amphiphile structures are represented
as cones for each respective morphology, with the hydrophobic
domain highlighted in red. TEM images of a) 25 nm spherical micelles
assembled from initial DNA-brush copolymers; b) cylindrical morphol-
ogy formed following DNAzyme addition to spheres; c) spherical
micelles (green) formed after addition of In, to cylinders. See also
Figure 3S in the Supporting Information.

microscopy (TEM), atomic force microscopy (AFM), and
dynamic light scattering (DLS; see Figure 1S in the Support-
ing Information for DLS and AFM studies). The DNA-brush
copolymer amphiphiles contain a RNA base (rA) as an
enzymatic cleavage site, two 18-membered ethylene glycol
moieties that increase steric bulk of the hydrophilic block, and
a fluorescein tag to allow monitoring of reactions that occur at
the particle shell. To facilitate a sphere-to-cylinder phase
transition, the spherical micelles were mixed with a DNA-
based phosphodiesterase (DNAzyme®), which was conven-
iently synthesized to recognize a given DNA sequence and cut
at a RNA base. This process resulted in complete, rapid
catalytic turnover of the DNA substrate that formed the bulk
of the hydrophilic block and generated a truncated ssDNA
sequence. A subsequent sphere-to-cylinder phase transition
occurs as the “new” surfactants reorganize and pack accord-
ingly (see Figure 2S in the Supporting Information for data
showing turnover of shell DNA). To facilitate a cylinder-to-
sphere phase transition, a 19-base input DNA sequence (Iny)
was added. This sequence was designed to form a 9-base
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duplex with the truncated DNA in the cylinder shell.
Subsequent cylinder-to-sphere transition occurs as the
bulky, extended duplex is better accommodated in the
spherical micelle phase. Therefore, the new structures
(Figure 1, green spheres) contain a noncovalent DNA
duplex that is amenable to sphere-to-cylinder phase transition
utilizing DNA strand invasion.”*®! This was achieved by
addition of a perfectly complementary 19-base ssDNA (In,)
designed to invade into the shorter 9-base duplex in the
micelle shell. The more thermodynamically stable 19-base
long duplex (InyIn,) departs, leaving the truncated ssDNA
amphiphile to reassemble into the cylindrical phase.

The reversibility of the phase transitions was examined in
solution by DLS (Figure 2), with a confirmation of morphol-
ogies by TEM (Figure 3S in the Supporting Information).
DLS data for isothermal DNA-directed phase transitions are
shown as the percentage (volume distribution) of particles at
the 396 nm size class, which result from various input
additions after two-hour incubation periods (Figure 2). Ini-
tially, solutions of the spherical particles showed no observ-
able scattering intensity for aggregates above 30 nm. Indeed,
the particle diameter (reported as the hydrodynamic diameter
D,) was constant in the absence of DNAzyme over a time
scale of many weeks. However, mixing of the spherical
particles with the DNAzyme for two hours caused the
expected increase in the D, value (Figure2a). Next, this
solution was mixed with In; showing the expected contraction
in D,. Subsequent addition of Inm, results in duplex In;In,,
regenerating the truncated shell structure and causing
another expansion of particle size. To complete the isothermal
cycle, the particles were again treated with In, resulting in
regeneration of small aggregates. In addition, this isothermal
phase-cycling process was monitored by the uptake and
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Figure 2. Reversible phase cycling experiments. a) Isothermal hybrid-
ization and invasion. The y axis shows the percentage (volume
distribution) of species in D, =396 nm size class versus input;
measurements were obtained by DLS 2 h after each input addition
beginning with 25 nm spheres. The D, value of 396 nm was chosen as
it is the largest aggregate size class observed by DLS at 2 h (see
Figure 3). b) Variable-temperature DLS. Plot shows Dy, of largest
aggregates in solution at given time points. Initial spheres (A) were
treated with DNAzyme for 18 hrs (B) prior to addition of In,. DLS
measurement at t=0 min taken 1 h after addition of In,. Ramp rate:
25—60°C in 5 min. Instrument cooling time was 60 min; sample was
cooled by placing in ice bath for 5 min, then rested at RT for 55 min.
Second heating cycle conducted 18 h later with same ramp rate (25—
60°C in 5 min) and cooling time (60 min). Conditions: particles

(0.14 gL™"), DNAzyme (5 nm), In; (50 nm), In, (50 nm), 2-amino-2-
hydroxymethyl-propane-1,3-diol (Tris; 20 mm, pH 7.4), MgCl, (50 mwm).
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release of a small-molecule dye (Figure 4S in the Supporting
Information).

The hybridization state of complementary oligonucleo-
tides is disrupted at elevated temperatures. The isothermal
cycling experiments (Figure 2a) show a dependence of the
morphology on the hybridization state of the DNA. Similarly,
cycling of the solution temperature resulted in aggregate size
changes, which were dependent on whether or not the DNA
in the amphiphile was in duplex or single-stranded form
(Figure 2b). These data show a correlation between the
temperature of the solution and the aggregate size in solution,
that is, the size increases above the melting temperature of the
DNA duplex and decreases below the melting temperature.
These data complement the isothermal cycling experiment
with the same correlation with respect to the hybridization
state of the amphiphile.

To further elucidate the mechanism and assess the
selectivity of the DNAzyme-directed phase transition, the
process was examined by TEM and DLS (Figure 3), and
studied by fluorescence microscopy (Figure 4). TEM and
DLS data show a solution populated with a decreasing
concentration of intact 25 nm spheres (Figure 3, red curve)
and growing cylindrical aggregates with time (Figure 3, blue
curve; see also Figure 58 in the Supporting Information). The
TEM data correlates with the increase in D, observed by DLS
(Figure 3, green curve). After one day, cylinders could be
observed in high density, and TEM data showed the presence
of well-defined cylinders (Figure 3d and inset). After two
days in the presence of the DNAzyme, TEM data confirmed
low concentrations of intact spherical structures (Figure 3¢),
and the presence of cylinders greater than 1 pm in length. This
phase-transition process constitutes an approximate 100-fold
increase in size and a dramatic change in morphology, which
results in clear solutions and no precipitation. Insight into the
mechanism of this process is provided by the observation that
complete turnover of the shell DNA of the initial spheres is
rapidly achieved (Figure 2S in the Supporting Information)
prior to complete phase transition. Therefore, after DNA-
zyme addition, competing equilibria for monomeric amphi-
phile assembly are rapidly established and result in cylinder
growth (amphiphile=cylinder versus amphiphile=sphere).

A series of fluorescence microscopy experiments were
conducted to test if a mixed population of particles encoded
with different DNA sequences could respond independently
and selectively in the presence of competing DNAzymes. Two
fluorescent particles that contain two different DNA sequen-
ces were synthesized; one labeled with a fluorescein dye
(through a fluorescein—thymidine (FIrT) phosphoramidite)
and the other labeled with a rhodamine dye (through a
rhodamine-thymidine (RhT) phosphoramidite; Figure 4 and
Figure 6S in the Supporting Information). Conveniently,
micrometer-sized fibers (bundles of cylinders) could be
imaged by light microscopy; 25 nm spheres, which were
below the resolution limit, contributed to diffuse background
fluorescence that had much lower intensity than the fibers.
The red and green fluorescent particles were mixed together
and treated with two different DNAzymes (D-1 and D-2),
each of which was complementary to one of the dye-labeled
particles. Introduction of the DNAzyme selective for the
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Figure 3. DNA-directed size and phase change over time. Conditions: particles (0.14 gL™"), Tris (20 mm, pH 7.4), MgCl, (50 mm). DNAzyme

(5 nm) was mixed with particles at t=0 min. a) t=0 min, b) 2 min, c) 2 h, d) 1 day, e) 2 days. f) Partlcle size as a function of time following
DNAzyme addition. Blue curve: average cylinder length (C,) measured by TEM. Green curve: D, value of largest aggregates measured by DLS.
Red curve: Sphere diameter (Sp) measured by TEM. DLS data was taken at the time points shown following DNAzyme addition. Data points for
C_ and S;, are averages of multiple measurements made from TEM images, with error bars indicating standard deviations (Figure 4S in the
Supporting Information).

0.5 um

Figure 4. Sequence-selective phase shifting observed by fluorescence microscopy. a) TEM image showing bundled cylinder structures analogous
to optical images. Optical microscopy images show bright field, green and red fluorescence images taken after treatment with DNAzyme. b) D-1
recognizes only fluorescein labeled particles. c) D-2 recognizes only rhodamine labeled particles. d) D-1 and D-2 together cause fiber formation

containing both labels. Optical image scale bars =10 um. Conditions: Micelles (0.14 gL™'), DNAzyme (5 nm), Tris (20 mm, pH 7.4), MgCl,
(50 mm). Shell DNA sequences are analogous to that shown in Figure 1, with an extra three bases at the 5'-terminus. The third base from the
5’-amide linkage to the polymer backbone is a dye-labeled thymidine residue (see the Supporting Information for DNA sequences used in these

experiments).

sequence within the green fluorescent particle shell (D-1)
resulted in the formation of green fluorescent cylinders, with
no observable red fluorescence (Figure 4b). Conversely, only
red fluorescent particles reacted with the DNAzyme selective
for the sequence within their shell (D-2). This selectivity is
confirmed by the absence of green fluorescence in the images
of these cylinder structures and the appearance of red
fluorescent cylinders (Figure 4c). Finally, when mixed with
D-1 and D-2, both spheres in the mixture reacted, which
caused the formation of structures containing both red and
green fluorophores (Figure 4d). These studies provide evi-
dence supporting the conclusion that truncation of the DNA
is a necessary requirement for phase transition and is indeed
sequence-selective. This experiment is possible because the
two amphiphiles are chemically similar except for the
information encoded in their respective DNA sequences.
This characteristic makes each particle type in the mixed
population independently addressable, a feature that is not
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easily accessible for systems designed to respond to non-
informational stimuli such as temperature, light, or pH.

In summary, we have demonstrated the utility of DNA as
an informational tool for morphology control in discrete,
stimuli-responsive, nanoscale polymeric materials."™ It is
expected that this approach will be amenable for extension to
a variety of stimuli given the versatility of nucleic acids as
molecules that are capable of multiple modes of selective
recognition. In a broader context, the development of
generally applicable methods for predictably controlling
size, shape, and functionality of soft materials at the nano-
meter length scale will be critical for realizing their tremen-
dous potential.***)
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