DNA Cage Delivery to Mammalian Cells
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s we become more proficient in the
use of information encoded in DNA
to direct the assembly’ and motion?
of DNA nanostructures, possible applica-
tions in biology are beginning to emerge.
One of the earliest proposed was the use of
DNA scaffolds to create synthetic protein
crystals,® and recently 2D scaffolds have been
used to facilitate protein structure determina-
tion by cryo-electron microscopy.*® The ability
of nucleic acid systems to compute® has
suggested the development of autonomous
molecular systems for medical diagnosis,”
and DNA sensors have been used to report
intracellular pH® and to trigger cell death in
response to detection of cancer-inducing
mutations.” The encapsulation of single mol-
ecules of the protein cytochrome ¢ within DNA
tetrahedra led to the proposal that DNA cages
could be used as drug delivery vehicles."
The first DNA cages to be constructed
were cubes'' with edges comprising two
turns of the double helix (6.8 nm). The range
of polyhedra with double-helical edges has
been developed to include another cube,'?
a truncated octahedron,'® octahedra,’ "¢
tetrahedra,'”~ % trigonal bipyramids,®' dodeca-
hedra,'® icosahedra,?**® and truncated ico-
sahedra'® as well as hybrid structures with
synthetic linkers at vertices®* ?® and larger
structures®” 3! based on developments of
the DNA origami technique. In addition to
proteins,'® nanoparticles have been encapsu-
lated in DNA polyhedra.?** Folate-modified
DNA nanotubes have been shown to be cap-
able of binding to cancer cells overexpressing
the folate receptor and of delivering at least
some of a covalently attached dye into the cell,
although it is not clear whether intact nano-
tubes are internalized*® Preliminary studies
have shown that DNA tetrahedra possess an
innate resistance to nucleases with a decay
time of 42 h in 10% fetal bovine serum.>*
DNA cages can be designed to change
configuration in response to the binding of
signal molecules, potentially releasing or
allowing access to their cargoes.>*?”>> If
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ABSTRACT DNA cages are nanometer-scale polyhedral structures formed by self-assembly from

synthetic DNA oligonucleotides. Potential applications include in vivo imaging and the targeted

delivery of macromolecules into living cells. We report an investigation of the ability of a model cage,

a DNA tetrahedron, to enter live cultured mammalian cells. Cultured human embryonic kidney cells

were treated with a range of fluorescently labeled DNA tetrahedra and subsequently examined using

confocal microscopy and flow cytometry. Substantial uptake of tetrahedra into cells was observed

both when the cells were treated with tetrahedra alone and when the cells were treated with a

mixture of tetrahedra and a transfection reagent. Analysis of the subcellular localization of

transfected tetrahedra using confocal microscopy and organelle staining indicates that the cages are

located in the cytoplasm. FRET experiments indicate that the DNA cages remain substantially intact

within the cells for at least 48 h after transfection. This is a first step toward the use of engineered

DNA nanostructures to deliver and control the activity of cargoes within cells.

KEYWORDS: DNA self-assembly - transfection - nanotechnology - nanomedicine -

drug delivery

DNA cages were used to transport cargoes
into cells, then cage opening, triggered in
response to specific biomolecular signals,
could be used to control cargo release, creat-
ing a smart delivery vehicle with the potential
to respond to a particular cell type or state.>

Here we show that fluorescently labeled
DNA tetrahedra are capable of entering live
mammalian cells. Cultured human embryo-
nic kidney (HEK) cells were treated with a
range of fluorescently labeled DNA tetrahe-
dra and subsequently examined using con-
focal microscopy and flow cytometry.
Substantial uptake of tetrahedra into cells
was observed both when the cells were
treated with a mixture of tetrahedra and a
transfection reagent and when the cells were
treated with tetrahedra alone. Confocal mi-
crographs indicate a punctate distribution
within the cytoplasm. Measurement of Forster
resonant energy transfer (FRET) between
pairs of dyes conjugated to the tetrahedra
indicates that they remain substantially intact
for at least 48 h after transfection.

RESULTS AND DISCUSSION

DNA tetrahedra were assembled from
four 63-nucleotide (nt) oligonucleotides'’
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Figure 1. Flow cytometry analysis of the efficiency and
stability of transfection with fluorescently labeled DNA
cages. The mean fluorescence per cell is similar for cells
transfected with and without Lipofectin and is constant for
at least 72 h. Control: mock transfection without tetrahedra.
Representative cell count histograms are shown in Sup-
porting Figure 3.

to one of which the dye Cy5 was covalently attached
(Supporting Figure 1). Human embryonic kidney cells
were plated and incubated with tetrahedra, with and
without the addition of the cationic lipid transfection
reagent Lipofectin® (Invitrogen). Cells were examined
by confocal microscopy and flow cytometry at times up
to 72 h after transfection. The results of flow cytometry
(Figure 1) and confocal microscopy (Supporting Figure
2) are consistent: transfection levels are high both
when cells are transfected with naked tetrahedra and
when cells are transfected with tetrahedra with the aid
of Lipofectin. Levels of fluorescence in transfected cells
remain stable for at least 72 h after transfection. (Most
cells were confluent at transfection, limiting cell division
that would otherwise dilute the fluorescence signal.)

In a complementary test of transfection, biotin-
labeled DNA tetrahedra were transfected into cells
with and without the aid of Lipofectin. Total DNA was
then harvested from transfected cells and dot blotting
biotin detection used to assess the levels of intracellu-
lar biotin and hence the levels of uptake of the biotin-
labeled DNA tetrahedra. The results (Supporting Figure 4)
indicate significant levels of biotin in cells transfected
with biotin-labeled DNA tetrahedra but not in mock-
transfected controls, consistent with the results of fluo-
rescence measurements described above.

Figure 2 shows the results of control experiments
designed to compare the efficiencies of transfection
with fluorescently labeled DNA tetrahedra and with
several other small, fluorescently labeled DNA com-
plexes (Supporting Figure 5): a 63-nt single-stranded
oligonucleotide, a partially double-stranded complex
of this oligonucleotide, and a fully double-stranded
duplex. Transfected cells were analyzed using confocal
microscopy (Supporting Figure 6) and flow cytometry
(Figure 2) 24 h post-transfection. The highest transfec-
tion efficiency recorded was that of the DNA tetrahe-
dron when transfected with the aid of Lipofectin .

A control experiment was carried out to ascertain
whether the fluorescence levels measured using flow
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Figure 2. Flow cytometry analysis of transfection efficien-
cies for a range of fluorescently labeled DNA complexes.
Cells were analyzed 24 h post-transfection.

cytometry represented intracellular fluorescence of
transfected complexes or extracellular fluorescence
of complexes bound to the outside of the cell mem-
brane. Transfected cells were treated with the promis-
cuous endonuclease Benzonase (Sigma-Aldrich, UK)
before flow cytometry analysis, to digest any complexes
bound outside the cells. Nuclease treatment made little
difference to fluorescence levels (Figure 2), indicating
that the majority of the fluorescence signal corresponds
to complexes that have crossed the cell membrane.
Acceptor photobleaching FRET®” was used to
assess the structural integrity of tetrahedra within cells
(Figure 3). Two of the component oligonucleotides were
fluorescently labeled, with Cy3 and Cy5 (Support-
ing Figure 1), such that in the doubly labeled tetrahedra
the two dyes were approximately 3 nm apart, close
enough for significant energy transfer from the photo-
excited donor Cy3 to the acceptor Cy5.3® A mixture of
singly labeled tetrahedra, with either the Cy3 or Cy5
modification but not both, was used as a negative
control. Regions of high fluorescence (regions of interest,
ROI) were identified within confocal sections through
transfected cells. Both donor and acceptor fluores-
cence intensities were recorded before and after intense
laser irradiation at the peak of the excitation spectrum
of the acceptor, photobleaching acceptor fluorophores
within the ROIl. Where a donor (Cy3) fluorophore is
separated from an acceptor (Cy5) by a distance comparable
to the Forster radius (on the order of 6 nm), FRET redu-
ces the intensity of fluorescence from the photoexcited
donor: photobleaching of the acceptor, by reducing
FRET, therefore increases the intensity of donor fluo-
rescence. In the negative control sample FRET resulting
from interactions between rather than within tetrahe-
dra is expected to be weak or negligible. Figure 3
shows frequency distributions of fractional changes
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Figure 3. Frequency distributions of relative changes in Cy3 fluorescence following photobleaching of the Cy5 acceptor at
different times after transfection: (®) doubly labeled tetrahedra; (H) mixtures of singly labeled (Cy3 or Cy5) tetrahedra
(negative control). For each distribution a Gaussian curve with the corresponding mean and standard deviation is plotted, and

the mean + SEM is indicated.

in Cy3 fluorescence, integrated over the ROIs (Support-
ing Figure 7), after acceptor photobleaching, at times
up to 72 h post-transfection. A significant increase in
Cy3 fluorescence from cells transfected with doubly
labeled tetrahedra indicates that the two dye labels
remain bound together within the Férster radius, and
thus that the tetrahedra remain substantially intact up to
at least 48 h. Very little change in donor fluorescence is
observed from the negative control samples.

Confocal micrographs of live HEK cells transfected
with Cy5-labeled DNA tetrahedra at a series of times
after transfection are shown in Figure 4. Two organelle-
specific dyes were used to aid in the determination of
intracellular localization: Hoechst 34580 stain (Invitro-
gen) was used to stain nuclei, and LysoSensor Green
(Invitrogen) was used to stain lysosomes. Repre-
sentative images are shown in Figure 4. Transfected
tetrahedra are clearly partitioned to the cytoplasm
at all times observed. (Strong nuclear localization of
transfected tetrahedra was observed in fixed cells
(Supporting Figure 10) but was clearly an artifact of
fixation; see Supporting Notes.) The punctate distribu-
tion of fluorescence from transfected tetrahedra is
similar but not identical to that of the lysosomes,
consistent with either aggregation within the cytosol
or segregation within organelles that may include
lysosomes.
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Previous studies have shown that particle size is an
important factor in cellular uptake of nanomaterials
and that small nanoparticles (with radii <50 nm) exhibit
significantly greater uptake than larger particles.%*°
Spherical nanoparticles have also been shown to be
capable of entering cells more effectively than cylind-
rical or filamentous nanoparticles.*’ DNA tetrahedra
are small (maximum dimension ~7 nm) and relatively
compact, so these findings are consistent with the
effective cellular uptake of DNA tetrahedra reported
here. There are several possible routes for entry of
nanoparticles into cells, including macropinocytosis, cla-
thrin-mediated endocytosis, and caveolae-mediated
endocytosis.*? Further investigation will be required to
determine the exact mechanism or mechanisms by
which DNA cages enter cells.

In order to assess the intracellular localization of
transfected DNA tetrahedra in relation to the micro-
tubule-organizing centers, live HEK cells were co-trans-
fected with a centrin-GFP expression plasmid** and
with Cy5-labeled DNA tetrahedra. The fluorescent
centrin-GFP fusion indicates the positions of the micro-
tubule-organizing centers. Figure 5 contains confocal
micrographs recorded at a series of times after trans-
fection: There is a gradual movement of transfected
cages from a punctate to a more diffuse pattern of distri-
bution throughout the cytoplasm with some indication
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Figure 4. Confocal micrographs of HEK cells showing intracellular localization of Cy5-labeled DNA tetrahedra transfected
without the aid of a transfection reagent. Images of nuclear and lysosome organelle stains are shown for reference. Time after
transfection is shown in hours. Blue: nuclear stain; red: Cy5; green: LysoSensor (lysosomes); gray: phase contrast. Scale bars:
20 um. Two additional time points (48 and 60 h) are shown in Supporting Figure 8.

Without Lipofectin

With Lipofectin

Figure 5. Intracellular localization of transfected Cy5-labeled tetrahedra. Images of centrin-GFP fluorescence are shown for
reference. Time after transfection is shown in hours. Green: centrin-GFP; red: Cy5; gray: phase contrast. White arrows indicate
the locations of pairs of microtubule-organizing centers. Scale bar: 20 um. Three additional time points (24, 48, and 60 h) are

shown in Supporting Figure 9.

of localization around the microtubule-organizing cen-
ters. Further work is required in order to determine
whether or not the transfected tetrahedra are following
a microtubule-mediated endocytic pathway.**

In summary, we have shown that DNA tetrahedra
can enter cultured mammalian cells and that they do
so effectively both with and without the aid of a

MATERIALS AND METHODS

Preparation of DNA Tetrahedra. DNA tetrahedra were synthe-
sized and purified following the methods described in ref 17.
Component oligonucleotides were purchased from Integrated

WALSH ET AL.

transfection reagent. Transfected tetrahedra remain
substantially intact and are localized within the cyto-
plasm; the transfection mechanism and the degree of
access of transfected tetrahedra to the cytosol require
further study. These results represent an important first
step as proof of concept in efforts to use DNA cages to
deliver cargoes and to control their activities within cells.

DNA Technologies (USA). Nucleotide sequences and schematic

diagrams of the tetrahedra are shown in Supporting Figure 1.
Transfection of Cells. One day before transfection, samples of

HEK cells were plated in glass-bottomed 35 mm Petri dishes in
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growth medium (Dulbecco's modified Eagle's medium (Gibco,
USA)) containing 10% fetal bovine serum, 1% glutamine, and
1% penicillin and streptomycin. Cells (3 x 10°) were seeded in
each dish (as estimated using a hemocytometer). Cells were
incubated overnight at 37 °C in a humidified atmosphere
containing 5% CO,.

Lipofectin (Invitrogen, USA) was diluted 50-fold (to a final
volume of 100 uL) in Opti-MEM (serum-free medium) (Gibco,
USA) and left at room temperature for 45 min. A sample
containing 1 xg of DNA tetrahedra was diluted to 100 xL with
Opti-MEM, combined with the diluted Lipofectin mixture, and
left for 20 min at room temperature. The mixture was then made
up to 1.5 mL with Opti-Mem.

Growth medium was removed from each cell sample, and
the cells were washed twice with phosphate-buffered saline
(PBS) (Gibco, USA). Each transfection mixture was then added to
a sample of cells and incubated for 3—4 h at 37 °C in a
humidified atmosphere containing 5% CO,. Cells were then
washed three times with PBS. Growth medium (2 mL) was
added to each dish, and the transfected cells were stored in
anincubator at 37 °Cin a humidified atmosphere containing 5%
CO, until it was time for them to be examined.

Transfection of DNA tetrahedra without the aid of Lipofectin
was performed as described above, using 1 ug samples of
tetrahedra diluted to 1.5 mL with Opti-MEM.

Confocal Microscopy. Immediately before examination, growth
medium was removed from the wells and the cells were washed
with PBS three times. Fresh growth medium was then added.
Live cells were imaged using a LSM 510 META inverted fluores-
cence confocal microscope (Carl Zeiss International).

Filters used were 543 nm Ex/560—615 nm for Cy3, 633 nm
Ex/657—679 nm for Cy5, 458 nm Ex 486—518 nm for Lysosensor
Green, and 405 nm Ex/422—465 nm for Hoechst 34580.

The microscope laser (HeNe Laser, 633 nm, 5 mW) was used
to bleach Cy5 in selected areas of transfected cells (ROIs) by
repeated scanning. An example of an ROI is shown in Support-
ing Figure 6. Cy3 fluorescence was recorded both before and
after bleaching and integrated over the ROI. At least 13 regions
were examined for each experimental condition.

Subcellular organelles were stained in order to assess the
subcellular localization of transfected tetrahedra. LysoSensor
Green (DND-189, Invitrogen, USA) was added to the growth
medium of the cells to be stained to a final concentration of
1 uM. After incubation for 15 min at 37 °C in a humidified 5%
CO, atmosphere, Hoechst stain (Hoechst 34580, Invitrogen
USA) was added to the growth medium to a final concentration
of 0.5 ug/mL. Cells were incubated for a further 15 min before
being washed and examined.

Microtubule-organizing centers were labeled by transfect-
ing cells with the pEGFP-CETN2 plasmid.*® Transfection of the
plasmid was carried out with the aid of the transfection reagent
Lipofectamine 2000 (Invitrogen, USA) following the manufac-
turer's instructions. A 1 ug sample of plasmid was added to each
dish of cells before transfection with tetrahedra as described
above.

Flow Cytometry. Results shown in Figures 1 and 2 were
obtained using the following flow cytometry methods. Growth
medium was removed and cells were washed with PBS. Then
0.6 mL of trypsin replacement (TrypLE express stable trypsin
replacement enzyme without phenol red, Gibco, USA) was
added to each sample, and the samples were incubated for 5
min at 37 °C. Then 1 mL of PBS was added to each sample, and
the resulting cell suspensions were transferred to Falcon tubes
and centrifuged for 3 min at 2500 rpm. Supernatant was
removed, and the cell pellets were resuspended in 1 mL of
PBS. The cells were then centrifuged and resuspended in fresh
PBS. Samples of at least 1000 cells were analyzed in duplicate
and triplicate using a FACS Calibur flow cytometer (BD Bios-
ciences, USA). Consistent gating based on cell size and granu-
larity (forward and side scatter) was applied to select only
fluorescence measurements from healthy cells.

Benzonase nuclease treatment prior to flow cytometry
analysis was carried out by incubating the cells for 10 min with
a solution of PBS containing at least 500 U/mL of the nuclease
prior to trypsinization. The cells were then washed with PBS

WALSH ET AL.

before being prepared for flow cytometry analysis as described
above.

Supporting Notes. In initial experiments, transfected cells were
prepared for confocal microscopy by methanol fixation. Repre-
sentative micrographs are shown in Supporting Figure 10.
Strong Cy3 and Cy5 signals, co-localized with the nuclear stain
DAPI, indicated efficient localization of the tetrahedra to the
nucleus. However, micrographs of live, unfixed transfected cells
show cytoplasmic localization (Figure 4, Supporting Figures 6, 8,
and 9), suggesting that the nuclear localization observed with
methanol fixation was an artifact. Observation of nuclear loca-
lization of a viral protein (herpes simplex VP22) has been shown
to be an artifact of methanol fixation.**

Supporting Information Available: DNA tetrahedra used in
transfection experiments; time courses of intracellular distribu-
tions of tetrahedra transfected with and without Lipofectin;
representative cell count histograms for data shown in Figure 1;
detection of transfection by biotin-labeled tetrahedra; DNA
complexes used in control transfection experiments; compar-
ison between intracellular distributions of fluorescently labeled
DNA complexes used for transfection; confocal micrographs
showing the photobleaching of an ROI; additional time points
for Figures 4, 5; representative confocal micrographs of fixed
cells transfected with fluorescently labeled DNA tetrahedra. This
information is available free of charge via the Internet at http://
pubs.acs.org.
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