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Here, we demonstrate a new approach for the design and assembly of a dynamic DNA cube with an

addressable cellular uptake profile. This cube can be selectively unzipped from a 3D- to a flat two-

dimensional structure in the presence of a specific nucleic acid sequence. Selective opening is

demonstrated in vitro using a synthetic RNA marker unique to the LNCaP human prostate cancer cell

line. A robust uptake in LNCaP cells, HeLa cells (human cervical cancer) and primary B-lymphocytes
isolated from the blood of chronic lymphocytic leukemia (CLL) patients is observed using fluorescence-
activated cell sorting (FACS), confocal microscopy and a new cluster analysis algorithm combined with

image cross-correlation spectroscopy. The DNA cube was modified with hydrophobic and hydrophilic

dendritic chains that were found to coat its exterior. The dynamic, unzipping properties of these modified

cubes were retained, and assessment of cellular uptake shows that the hydrophobic chains help with the

rapid uptake of the constructs while the hydrophilic chains become advantageous for long term

internalization.

Introduction

DNA has emerged as a remarkable building material because of
its programmability, biocompatibility, and its ready production
and modification. These properties inspired the creation of the
field of structural DNA nanotechnology" ? with the introduction
of tile-based assembly” * and DNA origami.’ Supramolecular
DNA assembly® 7 is a third strategy that focuses on the use of
organic and inorganic synthetic molecules to guide structure
formation and provide functionality to DNA nanostructures.
Recent examples include the assembly of DNA-minimal
prismatic structures and finely tuned nanotubes, and the creation
of hydrophobic environments within these 3D-structures.”"
Small 3D DNA cages have recently attracted considerable
interest since they can be readily taken up by cells,' they silence
gene expression,' they display higher serum stability'* '* and
have the potential to be precisely tailored in terms of size and
shape for drug delivery applications. Many examples of DNA
structures modified with biologically relevant moieties such as
oligonucleotide drugs,' '®'* anticancer drugs,'® ** aptamers,?
biopolymers,?' or proteins® have subsequently been presented.
These demonstrate that small DNA cages can be used to target
cells, encapsulate cargo and exhibit a cytotoxic effect in cancer
cells. Hybrid structures which combine DNA with micelles or
gold nanoparticles have also been shown to resist enzymatic
degradation® ?* and to result in gene knockdown.”** However,
to our knowledge, precise control over the cellular delivery
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profile of DNA nanostructures has yet to be demonstrated. In
particular, synthetic modifications on the exterior of DNA cages
can be used to tune and optimize their cellular delivery profiles as
well as their nuclease resistance. However, these external
modifications may impede the ability of DNA cages to undergo
target recognition and dynamic behaviour.

In this article, we present a dynamic DNA cube design, which
selectively opens up to form a two-dimensional structure upon
recognition of a synthetic sequence of nucleic acids found in
prostate cancer cells. We demonstrate the stability of this
construct towards nucleases, its robust cellular uptake even in
drug-resistant cell lines and its integrity upon cellular uptake. We
modified this construct with hydrophobic and hydrophilic
dendritic DNA chains to find that these coat the exterior of the
structure and significantly alter its uptake profile, while
maintaining its ability to unzip with the target sequence and
stability in biological environments. Thus, this work provides a
strong basis for the creation of DNA cages that can respond to
nucleic acid sequences overexpressed in diseased cells, and that
can be functionalized for finely tuned delivery profiles while
retaining their dynamic character. The design can potentially be
used to encapsulate and release or reveal sensitive cargo, (e.g.
oligonucleotide drugs) and can be readily adapted to respond to a
variety of targets.

Results and discussion

Cube design and self-assembly

This journal is © The Royal Society of Chemistry [year]
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The first DNA cube was designed as a cage that fully unfolds to a
two-dimensional structure in the presence of a two-domain
nucleic acid trigger, thereby revealing its inside. The chosen
trigger was the mRNA product of the #pc-hpr fusion gene
characteristic of a prostate cancer cell line (LNCaP). This gene
was chosen because it produces unique DNA and mRNA
sequences that contain specific parts of the tpc and hpr sequences
around a fusion point (Figure 1d). Due to its uniqueness, this
sequence was used for specific recognition and unwinding of the
construct (Figure 2a-b). Since isolating this sequence from the
cell in significant quantities proved challenging, we used shorter
21-base DNA and RNA versions of this marker which conserve
the region of interest around the fusion point for cube opening
experiments.

Structurally, this initial DNA structure is composed of six
unmodified DNA strands that each form one of the faces of the
cube, resulting in a fully double-stranded construct with 10 bases
per side (full helix turn, ~3.4 nm) (Figure la). Two single-
stranded overhangs were added which specifically recognize
either the tpc or the hpr sequence immediately before the fusion
point of the sequence (Figure 1c). However, the cube is designed
to unfold by strand displacement only if the sequence after the
fusion point corresponds to the other gene in the fusion. For
example, if the overhang binds the #pc section of the sequence,
the cube will only unfold if the Apr sequence follows after the
fusion point. The cube will open after two binding events to
produce a flat unzipped assembly by means of strategically
placed nicks on the structure (Figure 2a-b, see movie in ESI).
Due to its design, the cube is not expected to respond to the pc or

the ipr sequences alone.
» f‘

5 6

Break point
L\_‘ *

tpc gene hpr gene
(chromosome 16) (chromosome 6)

tpc’ hpr' ‘
- tpc
Qz tpc’ -
hpr tpc-hpr fusion gene

Figure 1 A) Cube design and assembly. B) Stepwise assembly of the
cube characterized by 8% native PAGE. Lane numbering corresponds to

construct numbering in A). The band in lane 6 corresponds to the final
product in 91% yield. C) Detailed design of the overhangs with the tpc-

hpr binding regions. D) Origin of the tpc-hpr fusion gene and mRNA
sequences.

The successful assembly of this construct was verified by
native polyacrylamide gel electrophoresis (PAGE) where each of
the six strands involved in the formation of the cube was added
sequentially (Figure 1b). The assembly was carried out by adding
all six strands at a concentration of 0.27 puM in one pot in
I1xTAMg buffer (see ESI) followed by thermal annealing from
95°C to 4°C in 5.5 hours. The major band in lane 6 was assigned
to the cube which assembles with a yield of approximately 91%
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(Figure S2). A small amount of side product was produced
(Figure. 2c, lane 1) and was assigned as an octagonal prism
composed of two cubes, or “double cube”, which in fact displays
the same unfolding behaviour as the cube in the presence of the
trigger (Figure S1). Moreover, its assembly yield can be reduced
by using more dilute conditions.

Cube opening

Selective opening was examined next using PAGE (Figure 2c).
Controls included the unzipping cube (lane 1) and an opened
cube (lane 6) which does not have the proper sequence to close
onto itself. The open cube shows a band of reduced mobility,
compared to the more compact closed cube. When a short 21-
base DNA segment with tpc-hpr fusion gene product sequence
around the fusion point is added to the cube, a slower migrating
band is obtained in lane 2, with the same mobility as that of the
open cube. An identical synthetic RNA marker also opened the
cube successfully in vitro and displayed equal unzipping potency
(lane 3). Further testing was performed with DNA due to its
enhanced stability towards degradation over RNA.

The specificity of the response was then tested by placing the
cube in the presence of DNA strands of sequences #pc only (lane
4) and hpr only (lane 5). The cube mobility was not altered,
consistent with the fact that these sequences did not trigger its
opening. This confirms the specificity of cube unzipping that only
responds to the fpc-hpr sequence expressed in prostate cancer
cells, but not to tpc and Apr found in normal cells.

Cubes without overhangs were also tested to verify that the
response is mediated by the single stranded regions of the
construct (lanes 7, 8). In this case, the cube remained closed even
in the presence of the fpc-hpr fusion marker, confirming that
opening of the cube is strictly specific to this sequence when the
recognition units are present. A cube with two different binding
regions verified the stoichiometry of opening (lanes 9, 10).

Further assessment of the opening of the cube was done after
modifying the structure with Cy3 (donor) and Cy5 (acceptor)
dyes in a way such that when the cube is closed, the dyes are in
close proximity and will undergo Forster resonance energy
transfer (FRET) (Figure 2a and S5). However, when the cube is
opened, these dyes will be spatially separated and the energy
transfer between the dyes should be greatly reduced. This was
done by on-column labelling one of the strands at its 5’-end with
Cys5, and internally labelling a complementary strand with Cy3.
As expected, for all closed cube constructs, since the dyes were in
close proximity, Cy3 excitation at 550 nm resulted in decreased
Cy3 emission at 570 nm and increased Cy5 emission at 670 nm
characteristic of FRET (Figure 2a-d). When the cube was
unzipped, the donor emission was enhanced and the acceptor
emission was reduced due to the increased distance between the
fluorophores, consistent with successful opening. This was
further quantified by looking at the efficiency of energy transfer
between the dyes (Eprgr) for these constructs. Indeed, the closed
cube had an efficiency of energy transfer of approximately 70%,
while its opened counterparts only displayed 20% (Figure S6).
The non-quantitative FRET efficiency in closed constructs was
most likely due to the less than quantitative yield of labelling of
the DNA strand with Cy5 at its 5’-end.

The same high Eprpr were also observed for the cube in
presence of tpc only and hpr only, as well for the blunt-ended
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Figure 2 A) Cube opening schematic after the addition of two equivalents of the tpc-hpr fusion gene marker trigger. The trigger binds the
overhangs and opens the cube by strand displacement and strategically placed nicks on the structure. This schematic also shows the dye
placement. B) Detail of the junctions that allow the cube to open after strand displacement C) Cube opening characterized by 8% native PAGE.
Lane 1 shows the cube as designed. The cube opens when tpc-hpr marker is present whether it is made of DNA (lane 2) or RNA (lane 3). Tpc
alone (lane 4) and hpr alone (lane 5) markers fail to open the cube. An opened cube control (lane 6) and a blunt-ended cube (lane 7) which
cannot open in presence of the marker (lane 8) were used to confirm the specificity of opening. A fully asymmetric cube (lane 9) was also
prepared and opened (lane 10). D) Fluorescence emission spectra of different cube constructs after excitation at a wavelength of 550 nm. All
closed constructs have decreased Cy3 emission at 570 nm and increased Cys emission at 670 nm due to FRET from the close proximity of both
10 dyes. For the opened constructs, we observe enhanced donor emission and decreased acceptor emission since the dyes are now more separated
in space. E) Stability in 10% FBS/DMEM of different constructs as measured by 8% native PAGE. One-phase decay regressions show that the
cube has a half-life of 6.5 hours while the blunt-ended cube has a half-life of 8.2 hours.
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cube with and without #pc-hpr, confirming that these constructs (Figure S8). The measured melting temperature was 45°C, which
remained closed. Interestingly, the cube opened with the same suggests stabilization upon cube assembly (expected melting at
15 efficiency using a DNA or RNA marker, confirming its relevance 33.7°C for the 10-mer duplex arms) and is above the 37°C

for cell-based assays (Figure 2d and S6). In principle, this cube 25 requirement for biological assays (Figure S8). We measured the
should be adaptable for unzipping with a number of other DNA, stability of the cube in 10% FBS/DMEM media solutions using
RNA or miRNA sequences. native PAGE according to the procedure developed by Conway et
al.™ and showed that the cube has a half-life of 6.5 hours, (~3-
fold increase over ssDNA) (Figure 2e and S9). The blunt-ended
Preliminary evaluation of the cube robustness was carried out by 5 counterpart decays over 8.2 hours, suggesting the single stranded
measuring its melting temperature in phosphate buffer saline parts of the cube are susceptible towards enzyme degradation. In

Cube stability
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Figure 3 A) Cellular internalization of naked blunt-ended cubes labelled with Cy3 and CyS5 in three different cell types (scale bars: 20 um). B)
Colocalization correlation coefficients for dually-labelled cubes (blue) and a mixture of singly-labelled cubes (red) in HeLa cells. Single molecule
colocalization coefficients (M35, M53) are obtained from image cross-correlation spectroscopy measurements. Spatial colocalization coefficients (C35,
C53) are calculated from the spatial overlap of clusters in the images. For all coefficients, the dually-labelled cube (53 cells) is shown to exhibit higher
colocalization than the mixture of singly-labelled cubes (32 cells). C) On the left, overlapping images of the initial confocal microscopy acquisitions with
HelLa cells for both Cy3 (green) and Cy5 (red) channels. On the right, image processing results mapped to the image for the clusters detected by CF-ICCS
(scale bars: 20 um). D) Bin plots of the fluorescence intensities of Cy3 versus Cy5 measured from images for spatially overlapping clusters for dually-
labelled cubes in HeLa cells.

10 future cellular assays, these will therefore need to be replaced
with synthetic nuclease resistant oligonucleotide analogues (such
as locked nucleic acid or phosphorothioate DNA, however see
below for stabilized forms of this cube). These assays confirmed
the stability of the cube. Due to its significant resistance to
15 enzymatic degradation, the blunt-ended construct was used for a
preliminary evaluation of its cellular uptake.

Cellular uptake and structural integrity

Cube cellular uptake was first visualized by confocal microscopy,
where cubes modified with Cy3 and Cy5 were incubated with
20 HeLa cells for 6 hours prior to imaging. We used the blunt-ended
construct for these assays due to its larger half-life which insured
its structural integrity upon uptake and the ability to assess its
uptake in the closed conformation. Both Cy3 and Cy5 channels
indicated cellular uptake of the cube. An overlay of both
»s channels showed consistent colocalization (Figure 3a). Similar
results were obtained using the LNCaP human prostate cancer
cell line (Figure 3a and S12). Remarkably, some uptake was also
observed in drug resistant primary chronic lymphocytic leukemia
(CLL) cells, further highlighting the potential of this construct for
30 biological applications (Figure 3a and S13). The punctate
structures observed suggest that the uptake likely occurs by
endocytosis, a process often involved in the uptake of nucleic
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acids.>® ' Uptake of these naked DNA cubes in HeLa cells was
also confirmed by fluorescence-activated cell sorting (FACS)
(Figure S15).

In order to obtain more information on the structural integrity
of the cube upon internalization in HeLa cells, we studied two
populations: blunt-ended cubes dually labelled with Cy3 and
Cy5, as well as a 1:1 mixture of singly labelled Cy3 and Cy5
blunt-ended cubes. Typical methods to track internalization
involve measuring the spatial colocalization of these two
fluorophores (see above). We thus first defined a ‘cluster’, as an
arrangement of pixels with an intensity greater than a set
threshold (for each fluorophore), and a radius above 0.3 um. We
developed a cluster finding algorithm (named CF) that identifies
these clusters for both fluorophores within images obtained from
confocal microscopy (Figure 3¢). We defined a cluster as being
colocalized with another when its centroid was found to be
localized in the mask of the other (Figure 3¢ and S17). For all
colocalized clusters, the intensities of Cy5 vs. Cy3 were plotted
and a linear trend was revealed (Figure 3d and S18).
Interestingly, the slopes for both dually labelled cubes, and 1:1
monolabeled cube mixtures were equal, within statistical error
(Figure 3d and S18, Table S9). This suggests

ss compartmentalization of these labelled cubes upon cellular

This journal is © The Royal Society of Chemistry [year]

[iournal], [year], [vol], 00-00 | 4

Dynamic Article Links » Page 4 of 8



Chemical Science Dynamic Article Links »

PageSof8hemical Science

Cite this: DOI: 10.1039/c0xx00000x

EDGE ARTICLE

www.rsc.org/chemicalscience

. . ” 5 - R Crucube HEG cube
a) Addition of D-DNA chains 7}@ "7}‘2\ 'Q@ F ; 4 ) b ¥ 5 % 4 K & 7 8§ o
— — /2_X)) X i tpc tpe
% hpr hpr
~NY >
» o | L e | L] oo | La ] = N ) £
/ / mRNA-triggered '
:@ i <
B N‘;’ ?2/ ",{F\:é r? f‘I(‘(J Q‘( ‘!":%6 r*{‘(X rig( r/\\@g pening ,J‘,K’\ Release of cargo 5 = S % % é .
) £ 2 & 8 & 2
g Sl e E =<
/\,,o\_\j 3 IS “ 5
HO— %
\_\_\ Ho\ﬂ ~o “ “ “ “ “ &
©. ‘\70 \_\o
Ho— \—\_\ “\ o
—\—\ s0 " Ho-PE®
HoRS Ho\/\o = o < Dynamic Light Scattering Measurements
SO )
Ho~ \_\_\ < oV vk — &
\/\/\;\ 0B :\)\D\ ’ " oo o ﬁH \P/o E
= o0 S “o_o T
HO-—\ - HO' \0 \l o 0 o1 \fi& ¥\DX0 HO' } o\/\ o oH \fi& § y
e 9 o- E
X\,o # \ 0. \ \/\Oxo OH e
}J -g 2
3
Dodecane Ll Hexaethylene glycol lj: £,
(C:2) D-DNA - (HEG) D-DNA
Constructs
d) e) f
Serum stability for different cube constructs Uptake in Hela cells (24h) Uptake in Hel.a cells (72h)

1.5 15007

=
=
-
=]
=1
2

Alexa 488 Fluorescence
@
o
L~

e
)

20 40
Time (hours)

Normalized band intensity
o
o

&
‘b\é‘

&
o

Constructs

NS
© & N
o 0\9 o\)

Constructs

Figure 4 A) Cube modification with C,, and HEG D-DNA schematic. B) On the right, C;, cube stepwise assembly and opening. Lane 1 is the unmodified
cube control, lanes 2-6 represent the subsequent addition of 1 up to 5 C;, D-DNA chains on the structure. Lane 7 represents the fully D-DNA modified
cube in presence of the zpc-hpr marker and its unhindered opening. Lane 8 is the fully modified HEG D-DNA cube and lane 9 shows the opened version
s of this construct when put in the presence of the pc-hpr marker. C) Hydrodynamic radii of these cube constructs, the cube appears to be the smallest
structure followed by the C,, cube and the HEG cube. D) Serum stability of the different cube constructs. The C,, cube has the longest half-life (8.3 hours)
followed by the HEG cube (7.8 hours). E) FACS uptake of the three cubes after 24 hours. The C, cube presents the highest uptake compared to the other
two constructs. F) FACS uptake of the three cubes after 72 hours. The HEG cube seems to be favoured over long time periods.

internalization, and a likely endosomal uptake mechanism,
10 consistent with previous observations.**> Spatial colocalization
coefficients C35 and C53 were calculated using these clusters
(e.g, C35=number of Cy3 clusters colocalized with Cy5
clusters/total number of Cy3 clusters, Figure 3b). We noted that
C35 and C53 are different from each other, most likely due to
15 factors such as different bleaching properties and signal to noise
ratios of fluorophores, as well as FRET. More importantly, the
above spatial colocalization coefficients are limited by the
intrinsic resolution of fluorescence microscopy (200 nm),
considering that the DNA cube is expected to have a size of
20 approximately 7 nm. To address this, we applied image cross-
correlation spectroscopy (ICCS) to the identified clusters.*® From
the relative fluctuations in fluorescence intensities of the Cy3 and
Cy5 dyes, correlation coefficients termed M35 and M53 were
calculated, which provide a more representative representation of
»s the cellular colocalization of these dyes at the single molecule
level. From these, we observed colocalization of the two dyes,

with consistently higher colocalization coefficients for the dually
labeled cube than the mixture of singly labeled cubes (Figure
3b). These results suggest that the DNA cubes maintain their

30 integrity upon cellular internalization. To our knowledge, this is
the first application of ICCS in tracking and quantifying DNA
nanostructures in cellular environments.

Cube modification with dendritic chains

In order to modulate the uptake profile of the cube, the latter was

3s modified with hydrophobic and hydrophilic dendritic DNA
chains (D-DNA) (Figure 4a). The hydrophobic chains, C;, D-
DNA, were synthesized via phosphoramidite chemistry using
automated methods.'” They consist of four hydroxyl-terminated
dodecane (Cj,) chains connected to two subsequent branching

40 units on the 5’-end of the DNA chains involved. The hydrophilic
chains, termed HEG D-DNA were synthesized using the same
procedure as for the C;, D-DNA, replacing the dodecane chains
with hexaethylene glycol (HEG).**

This journal is © The Royal Society of Chemistry [year]
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The D-DNA chains were added on five out of the six
constituent strands of the cube. The sixth strand was left
unmodified since adding the D-DNA would interfere with the
single-stranded overhang on the 5’-end which is required for
opening. The modified strands were characterized using
denaturing PAGE and LC-MS to confirm both purity and the
presence of the expected dendritic chains (Table S2).

The assembly of the cube with C;, D-DNA, termed C;, cube,
was carried next using native PAGE adding one up to five chains
on the structure (Figure 4b, lanes 2-6). Lower mobility bands
were obtained every time a D-DNA chain was added, suggesting
larger structures were formed. The full construct with five D-
DNA chains was formed in quantitative yield with no observable
octagonal prism side product (lane 6). Cubes that are externally
coated with hydrophilic or hydrophobic chains may not be
accessible for target triggered unzipping. Interestingly, opening
was verified using native PAGE and was unhindered by the
presence of the D-DNA chains on the cube as can be seen from
the lower mobility bands obtained when adding an excess (2x) of
the DNA marker (lane 7).

The dendritic alkyl chains in the C;, cube can reside on the
exterior of the cage, or these hydrophobic chains may be able to
direct themselves into the inside of this cage. Our evidence
points to these chains residing on the exterior. If the D-DNA
chains were on the interior, we would expect similar mobility by
gel, a size comparable to that of unmodified cube by DLS, and
the ability to encapsulate dyes.'® If on the other hand, they are on
the outside, we would expect lower mobility by PAGE, larger
size, and inability to encapsulate. By gel electrophoresis, we
obtained lower mobility bands as more C;, D-DNA chains were
added (Figure 4b, S3 and S4) suggesting that larger structures
were formed. These results were confirmed by dynamic light
scattering (DLS) where the Cy, cube presented a significantly
larger hydrodynamic radius (5.6 + 0.2 nm) than the unmodified
cube (4.7 £ 0.3 nm) (Figure 4c, S11, Table S7). Attempts at
encapsulating fluorescent dyes such as Nile Red and 1,6-
diphenyl-1,3,5-hexatriene (DPH) which are used to detect a
sizable hydrophobic environment were unsuccessful in the case
of the Cy, cube, further suggesting that the C;, D-DNA chains did
not meet in the cavity of the cube as was observed by Edwardson
et al.,'* but rather are coating the exterior of the structure (Figure
S7).

Similar results were obtained for the HEG D-DNA modified
cube, or HEG cube. Lower mobility bands were consistently
obtained for the fully assembled structure with five HEG D-DNA
chains by PAGE (Figure 4b, lane 8, S3 and S4) and the newly
formed cage could open unhindered when an excess of DNA
marker was added (lane 9). Yields were also found to be
quantitative with no side product observed. Dynamic light
scattering results showed that the HEG modified cages displayed
the largest hydrodynamic radius of the set (6.0 = 0.2 nm), thus
supporting the positioning of the dendritic chains on the outside
of the structure (Figure 4c, S11, Table S7). Moreover, the HEG
D-DNA chains are more hydrophilic than the Cy, chains and also
likely extend outwards, thus explaining the larger hydrodynamic
radius observed for the HEG cube when compared to the Cy,
construct whose dendritic chains present hydrophobic character
and would be expected to collapse on each other (Figure 4a).

a5

S

b

=3

S

Differential cellular uptake of D-DNA modified cubes

« Before proceeding to evaluate the uptake of these constructs in

cells, we assessed their stability in 10% FBS/DMEM media
solutions under native conditions using the procedure described
above. We measured a half-life of 8.1 hours for the HEG cube
containing the overhangs for unzipping, which was the longest of
the set (Figure 4d). When compared to the unmodified cube (half-
life of 6.5 hours), it secems that the HEG D-DNA chains
contributed to enhance the stability of the cube in the cell-like
environments, bringing it to the same level than the blunt-ended
cube while keeping the single-stranded overhangs on the
structure. On the other hand, the half-life of the C;, cube could
not be measured since it appears to bind to serum proteins found
in FBS, as can be seen from the non-penetrating material in the
gels (Figure S10). As a result, the C;, cube levels could not be
accurately quantified. This is probably due to the lipophilic
chains which coat the cage and can bind albumin, a protein found
in serum which acts as a carrier of molecules with low water
solubility. Nevertheless, this binding to albumin may prove useful
for delivery, and albumin-based drug formulations are currently
used in the clinic.*>*® In the current system, serum proteins seem
to be protecting the DNA structures from nucleases as can be
seen from the leftover material in the lane after 72 hours (Figure
$10).3536

In order to evaluate the impact of the C;, and HEG D-DNA
external modifications on cube cellular uptake, we labelled these
structures with Alexa-488, a dye similar to fluorescein which
should have a limited impact on uptake since it is hydrophilic and
negatively charged. The cellular uptake in HeLa cells of all three
constructs was assessed using FACS. Results after 24-hour
incubation show that the uptake of the C;, cube is almost doubled
when compared to the unmodified cube and the HEG cube
(Figure 4¢). The uptake was also verified by confocal microscopy
(Figure S14). At the 48-hour time point, the C;, cube was still
dominant with the unmodified and the HEG cubes at equal levels
(Figure S16). However, after 72 hours, the HEG construct was
slightly favoured compared to the Cy, cube (Figure 4f). Both D-
DNA modified constructs were still found in significantly higher
amounts when compared to the unmodified cube, suggesting
these constructs could be used in applications where the delivery
profile is important; i.e. rapid distribution in the case of the Cy,
cage or slow and continuous uptake like with the HEG construct.

Conclusions

In conclusion, we designed, assembled and characterized the first
dynamic DNA cube that selectively unzips into a flat open
structure, in the presence of a synthetic nucleic acid marker. This
cube displays robust uptake in its naked form into three
mammalian cells lines, including drug resistant primary B-CLL
lymphocytes. We have applied image cross-correlation
spectroscopy to confirm the colocalization of two dyes on dually
labelled cubes within the cellular environment. Functionalizing
the cube with hydrophobic or hydrophilic dendritic DNA chains
significantly altered its uptake profile, thus allowing its cellular
uptake to be tuned. The hydrophobic chains on the cube exterior
seem to favour rapid and increased uptake while the hydrophilic
chains provide a slow and continuous uptake profile. The
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hydrophilic dendritic chains were also found to improve their
nuclease resistance. Interestingly, these modified cubes are also
capable of opening in response to a specific DNA sequence. This
indicates that DNA structures can remain dynamic and molecule-
responsive even when coated with lipid or PEG-like chains. This
platform thus represents a first step in temporal as well as
molecular control of DNA cage delivery. As such, this class of
DNA structures has significant potential as cellular reporters,
drug delivery tools and for the selective targeting of a specific
biological pathway in a cellular environment. Future work is
aimed at encapsulating and performing selective delivery of
sensitive cargo (e.g., small interfering RNA) into disease
environments.
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