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The intracellular application of DNA nanodevices is Amphiphilic v dronhobic

challenged by their inadequate cellular entry efficiency, which may be DNAnanored interaction
addressed by the development of amphiphilic DNA nanostructures.
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However, the impact of the spatial distribution of hydrophobicity in kL drophobic

cell entry has not been fully explored. Here, we program a spectrum

patterns

of amphiphilic DNA nanostructures displaying diverse sub-10 nm |~ e I disgle'?: ,";‘g’f,lj”,;}{,‘ers
patterns of cholesterol, which result in distinct aggregate states in the | (g% @O% :

aqueous solution and thus varied cell entry efficiencies. We find that : 00) D@ | Cell entryl

the hydrophobic patterns can lead to discrete aggregate states, from 0® ®® |

monomers to low-number oligomers (n = 1—6). We demonstrate | @ @ @ @ I Q
that the monomers or oligomers with moderate hydrophobic density | ©O @@ : m

are preferred for cell entry, with up to ~174-fold improvement Mammalian cells
relative to unmodified ones. Our study provides a new clue for the

rational design of amphiphilic DNA nanostructures for intracellular applications.

DNA nanotechnology, hydrophobic interaction, six-helix bundle, cell uptake, cholesterol, intracellular delivery

on DNA frameworks. These structures have been employed to
interact with lipid membranes for a range of applications, such
as the construction of synthetic transmembrane receptors,
nanopores, and nanochannels,' ™'* the assembly of DNA
superstructures on lipid layers,””™'® the shaping'®™** and
reshapingz‘?"24 of lipid structures with defined geometries, and
the rewiring of intercellular connections.””** On the other
hand, amphiphilic DNA nanostructures can form micelle-like
aggregates under proper conditions via hydrophobic inter-
actions in aqueous solutions.”’ " According to several recent
studies,*>™3* amphiphilic DNA nanostructures are more
effective at entering cells than plain ones, but the correlation
between their aggregate states and cell entry efliciency is yet to
be explored.

Here, we report the use of DNA nanorods to encode sub-10
nm hydrophobic patterns on their terminals, which could
result in various aggregate states in the aqueous solution,
including monodispersed rods and micelle-like oligomers with
discrete rod numbers (Scheme 1). We found that these
different aggregate states in turn led to varied cell entry
efficiencies.

The demonstration of DNA nanostructures in the field of
biology and biomedicine has rapidly evolved over the past few
decades, showcasing a wide range of possibilities." Given the
structural programmability and addressability with nanometer-
scale resolution, DNA nanostructures can serve as frameworks
to organize various functional moieties such as small
molecules, inorganic clusters, and nanoparticles, creating
nanoagents, nanodevices, or nanorobots with diagnostic and/
or therapeutic functionalities.” Particularly, they have been
found capable of entering living cells in a size- and shape-
dependent manner.”* Compared to many organic/inorganic
nanomaterials, DNA nanostructures are intrinsically hydro-
philic, anionic, and biodegradable in physiological environ-
ments, largely alleviating the concerns about undesired
aggregation, cytotoxicity, and cumulative toxicity in living
organisms.”” However, compared to conventional amphiphilic
nanocarriers (e.g., liposomes and polymeric micelles), plain
DNA nanostructures generally show poorer cell entry
efficiency, which limits their intracellular applications.’ There
have been several approaches to improving the cellular uptake
of DNA nanostructures by coating them with materials such as
cationic polymers,” peptides,® and viral capsid proteins.’ February 25, 2023
However, these methods usually compromise the site March 15, 2023
specificity of DNA nanostructures, and may have the risk of March 15, 2023
causing cytotoxicity and undesired immune responses.'’ March 20, 2023
Recently, a number of rigid amphiphilic DNA nanostruc-
tures have been created via decorating hydrophobic moieties
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Scheme 1. Concept of Amphiphilic DNA Nanorods (ADNRs) Displaying Programmable Hydrophobic Patterns for Varying

Aggregate States and Cell Entry
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In the gel images (Figure S1), ADNR-1, ADNR-2meta, and
First, we designed an amphiphilic DNA nanorod (ADNR) ADNR—Zpar.a presented a clear band each., with the migration
comprising a hydrophilic DNA nanostructure and a cluster of rate approximate to that of the unmodlﬁe.d DNA nan01.'0d
hydrophobic moieties on one side of the former. The DNA (close to the 600-bp marker band), confirming the formation
nanostructure is adapted from a previously described rod- of expected nanorod structures, whereas AD NR—Zortho,
shaped DNA six-helix bundle with ~22 nm in length and ~7.5 A-DNR-.30rtho, .and .ADNR'3P ara .pres.ented Obw?us bands
nm in diameter, which is assembled from 20 single-stranded Wlth higher migration rates, 1nf11cat1ng the existence of
(ss-) DNAs.>® A given number of cholesterols are located at incomplete byproducts. Me;?nwhlle, when Fhe. cholesterol
the ends of certain DNA helices, forming a sub-10 nm-scale number >2, the monomer yield dec.reased mgmﬁcantly and
hydrophobic pattern displayed on the lateral plane of one many O_f the products. were retarded in the gel loading .vtlells,
terminal (or x—y plane, shown in Scheme 1) of the nanorod. suggestmg the formation of aggregates under such conditions.
Compared with previously described polyhedral amphiphilic The fractions of aggregates estimated by measuring gel band
DNA nanostructures,”””>" this rod-like structure has a long intensities were ~30.1% (ADNR-3ortho), 28.1% (ADNR-
shape (aspect ratio >1), which may resemble the diblock 3para) 56.2% (ADNR-3meta), 53.1% (ADNR-4ortho), 60.6%
amphiphilic molecules known with cell entry capability.” In (ADNR-4para), and 53.9% (ANDR-6), respectively, suggesting
this way, we designed a spectrum of ADNRs with hydrophobic that their aggregate states varied.
patterns containing 1—6 cholesterols with different arrange- Under AFM (Figure la and Figure S2), we observed that
ments, termed ADNR-1, ADNR-2ortho, ADNR-2meta, ADNR-1, ADNR-2para, and ADNR-2meta appeared mostly as
ADNR-2para, ADNR-3ortho, ADNR-3meta, ADNR-3para, monodispersed rod-like particles, with a height similar to that
ADNR-4ortho, ADNR-4para, and ADNR-6, respectively. of the unmodified DNA nanorods. ADNR-2ortho formed
Specifically, in ADNR-2para, ADNR-3meta, ADNR-4para, particle-like structures with a lower height, suggesting that the
and ADNR-6, the cholesterols were distributed in two-, structures were not intact six-helix nanorods, in agreement
three-, four- and six-fold rotational symmetry, respectively with the gel electrophoresis. ADNR-3para and ADNR-3ortho
(referred to as symmetric hydrophobic patterns hereafter); were mostly monomers, with some irregular aggregates (Figure
whereas the other structures presented asymmetric hydro- §2). Interestingly, ADNR-3meta, ADNR-4ortho, ADNR-4para,
phobic patterns. We anticipated that these different hydro- and ADNR-6 formed many flower-like oligomers with ~3 (2—
phobic patterns may result in various aggregation states of the 3, with 3 the highest frequency), 4 (2—S5), 4 (2—S5) and $ (3—
nanorods in aqueous solutions and consequently vary their cell 6) branches, respectively (shown in Figure 1b, ¢ and Figure
entry efficiency. S2), which should be the head-to-head aggregates of the
To prepare the ADNRs with the aforementioned hydro- ADNRs driven by hydrophobic interaction. Their branches
phobic patterns, we annealed the component ssDNAs (200 could be unambiguously resolved by AFM, allowing us to
nM each) of the six-helix DNA nanorod structure in the count the rod number per oligomer.
synthesis buffer, with different subsets of them replaced by Based on the above observation, we found that the
cholesterol-labeled ssDNAs (detailed in the SI Methods, with arrangement of cholesterols could affect the formation of the
the DNA sequences listed in Table S1 and S2). We then six-helix nanorods and their aggregate states. In general,
characterized the resulting structures with polyacrylamide gel symmetric cholesterol patterns (e.g, ADNR-2para, and
electrophoresis (PAGE) and atomic force microscopy (AFM). ADNR-3meta) showed higher yields of monomers or flower-
1005 https://doi.org/10.1021/jacsau.3c00097
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Figure 1. AFM of ADNRs series structures. (a, b) Representative
AFM images of ADNRs in the states of (a) monomers and (b) flower-
like oligomers, with corresponding line profiles across the structures
(marked with blank dashes). Scale bar, 20 nm. (c) Frequency
distributions of the branch numbers of the flower-like oligomers in b.

like oligomers compared to asymmetric ones with equivalent
cholesterol numbers (ADNR-2ortho, ADNR-2meta, ADNR-
3ortho, and ADNR-3para), particularly when the cholesterol
number was 2—3. The reduced yields of well-organized
structures resulting from asymmetric cholesterol patterns
may be due to the unevenly high local hydrophobicity,
which could interfere with DNA self-assembly in aqueous
solutions.

On the other hand, we could conclude that the rod number
per oligomer is generally positively correlated with the
cholesterol number in each ADNR, which could be attributed
to the hydrophobicity increasing with the cholesterol number.
When the cholesterol number per ADNR was <3, the
concentration of ADNRs in our study was below their critical
micelle concentration (CMC), thus mostly presenting as
monomers; whereas when the cholesterol number was >3,
flower-like oligomers formed. Interestingly, oligomers with a
rod number >6 were rare in our observation, suggesting that
the scale of amphiphilic assembly might be self-limited due to
the strong steric hindrance arising from the rigid DNA
frameworks. Collectively, by programming the sub-10 nm
hydrophobic patterns of ADNR, we could obtain different
aggregates states with discrete rod numbers (1—6) in the
aqueous solution.

To investigate the cell entry of the ADNRs with different
aggregate states, we incubated Alexa488-labeled ADNRs (100
nM each) with MCF-7 cells (1640 medium, 0.5% serum, 37
°C, 5% CO,) for cytometric analysis. Here, we chose ADNR-1,
ADNR-2para, ADNR-3meta, ADNR-4para, and ADNR-6 for
comparison, which could effectively yield structures in the
aqueous solution with rode numbers of ~1, 1, 3, 4, and §,
respectively. In this experiment, the molar concentration of the
ADNR monomers was held constant at 100 nM. First, we
analyzed the ensemble results measured by flow cytometry
(Figure 2). We found that all the ADNRs exhibited much
higher cell binding than unmodified DNA nanorods. After 8 h
of cell incubation, ADNR-1, ADNR-2para, ADNR-3meta,
ADNR-4 para, and ADNR-6 resulted in ~34-, 174-, 122-, 99-,
and 20-fold increases in cellular fluorescence intensity,
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Figure 2. Effect of the cholesterol pattern on cell binding efficiency.
(a) Representative cytometric fluorescence intensity distributions
indicating cell binding of different ADNRs at 8 h. (b) Mean
fluorescence intensities (normalized to the highest fluorescence in
each replicate) of the cytometric results at 1, 2, 4, and 8 h,
respectively. Error bars, SD of three independent tests. * p < 0.05, **
p < 0.005, *** p < 0.0001, determined by one-way ANOVA
comparison. (c) Representative scatter plots of cell fluorescence
distributions after being treated with the structures for 8 h. Gray
spots, blank cells.

respectively, relative to the unmodified DNA nanorods (Figure
2a, b). In addition, the percentages of fluorescently positive
cells (fluorescence intensity >10° a.u.) at 8 h were ~0.07%
(unmodified DNA nanorods), 96.8% (ADNR-1), 99%
(ADNR-2para), 99.2% (ADNR-3meta), 99.6% (ADNR-
4para), and 81.9% (ADNR-6), respectively (Figure 2c),
suggesting that the vast majority of the cells could bind to
these ADNRs. Collectively, these results confirmed that
amphiphilic DNA structures are overall favored in cell binding
and entry, in agreement with previous studies.’”*¥*%’
Notably, ADNR-2para and ADNR-3meta (mostly formed
monomers and three-branch oligomers) led to higher cell
fluorescence than others, suggesting that the cell binding
efficiency was not unidirectionally increasing with the rod
number.

To gain a deeper understanding of the cell entry process of
these structures, we employed confocal imaging to inspect
individual cells that were treated with the representative
ADNRs (Figure 3a and Figure S3). The results showed that at
1 h, intense fluorescence of ADNR-2para and ADNR-3meta
appeared on the cell membranes and partially outlined the
cells, whereas the fluorescence signals from other structures
were weak. At 4 h, the membrane fluorescence signals of
ADNR-2para and ADNR-3meta were further enhanced; some
signals of ADNR-2para appeared inside the cell; while intense
signals of ADNR-4para appeared both on the cell membranes

https://doi.org/10.1021/jacsau.3c00097
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Figure 3. Cell entry of ADNRs with different aggregate states. (a)
Confocal images of MCEF-7 cells incubated with ADNRs for 1, 4, and
8 h, respectively. Blue, nucleus stained by Hoechst 33258. Green,
ADNRSs labeled with Alexa 488. Scale bar, 10 um. (b) Cartoon of the
presumed mechanism underlying the difference in cell entry
efficiency.

and in the cells. At 8 h, the fluorescence speckles were mostly
located inside the cells; meantime, sparse fluorescence speckles
of ADNR-6 also appeared inside the cells. During the whole
observation, the cellular fluorescence of unmodified nanorods
remained minimal. These results revealed the processes of the
cell entry of these structures. In general, ADNR-2para and
ADNR-3meta could more rapidly and efficiently enter the cells
than other structures; the further increase of cholesterol
number and rod number (ADNR-4para and ADNR-6) led to
decreased cell entry kinetics. These results were consistent
with the flow cytometric measurements. In addition, we can
conclude that after 8 h incubation, these structures were
mostly located inside the cells. Hence, the fluorescence
intensities obtained by flow cytometry at 8 h could
quantitatively reflect their cell entry efficiency. In addition,
we evaluated the cytotoxicity of the ADNRs using CCK8 assay.
The results showed that even with much enhanced cell entry
efficiencies (including ADNR-2para and ADNR-3meta), these
structures at the dosage used in this study (100 nM) showed
no suppression to cell viability after 24 h of cell incubation,
suggesting minimal cytotoxicity of these structures (Figure S4).

These results together suggest that the hydrophobic pattern
displayed on ADNR plays an important role in its cell entry.
Although hydrophobicity in general benefits cell entry, their
correlation is not unidirectional. The monomers or low-
number oligomers with modest hydrophobicity (2 or 3
cholesterols) show high cell entry efficiencies (~2 orders of
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magnitude than the unmodified structure). We reason that the
modest hydrophobicity allows the monomers/oligomers to flip
and expose the hydrophobic groups to cell lipid membranes
easily, leading to effective cell binding and entry (Figure 3b).
On the contrary, an overhigh hydrophobicity (e.g, 6
cholesterols) might lead to more stable micelle-like structures,
which are difficult to collapse and expose the buried
hydrophobic moieties to the cell membrane, leading to
decreased cell entry efficiency.

In summary, we in this study demonstrated the programming
of sub-10 nm hydrophobic patterns on DNA nanorods, which
enabled the modulation of their aggregation state and
consequently their cell binding efficiencies. We conclude that
DNA nanostructures carrying modestly hydrophobic groups
(rather than highly hydrophobic ones) may show optimal cell
entry efficiency (~2 orders of magnitude improvement), which
could be due to the restricted aggregation with high
accessibility of hydrophobic groups to cell membranes.

This system also shows two advantages. First, the six-helix
DNA nanorod possesses addressability with ~2 nm resolution
(i.e., the diameter of a DNA double-helix) on its end, allowing
high-density patterning of hydrophobic moieties at the sub-10
nm scale. Compared to wide-space distributions (e.g., placed
on different sides of a polyhedron'*), the focused distribution
of hydrophobic moieties at one end might contribute to the
high cell entry efficiency (2 orders of magnitude improvement)
in a “point attack” manner, as suggested in previous studies.”’
Second, the shape and rigidity of the DNA nanorods allow for
the formation of flower-like oligomers with discrete numbers of
branches, enabling quantifiable analysis with AFM. This led to
conclusions that would be difficult to obtain with conventional
DNA micelles composed of indeterminate numbers of single-
stranded or double-stranded DNAs.>’ In future work, we
would endeavor to reveal the specific cell entry pathways of
these amphiphilic structures and the underlying mecha-
nisms.”*** The possibility of lysosomal escaping and the
potential of them for cytosol delivery of theranostic agents
would also be investigated.”' Overall, our study may provide a
new clue for the rational design of effective nanocarriers based
on amphiphilic DNA nanostructures for intracellular applica-
tions.

DNA nanorods were fabricated using a simple one-pot process.
Specifically, 20 strands (6HB-1—6HB-20 listed in Table S1)
were mixed thoroughly at equal concentrations of 200 nM in
500 L of synthetic buffer (composed of 40 mM Tris, 20 mM
acetic acid, 2 mM EDTA, and 12.5 mM magnesium acetate,
pH 8.0), and then slowly cooled from 90 °C to room
temperature in a water bath within a 1 L styrofoam box. To
fabricate ADNRs with different hydrophobic patterns, some of
the sequences were replaced by cholesterol-modified ones
(detailed in Table S2), with all other conditions unchanged.

For AFM imaging, 8 uL of the DNA structure sample (100
nM) in the synthetic buffer was spotted on the mica surface
(pretreated by 3-aminopropyltriethoxysilane, or APTES, for
1.5 min before washing by Milli-Q water), and was allowed to
absorb onto the surface for S min. Then, the sample was
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scanned on a Bruker atomic force microscope using fluid+
(Veeco Inc., USA) tips.

The MCF-7 cells were cultured in 1640 medium (Invitrogen)
under humidified air with 5% CO, at 37 °C. Prior to use, the
cells were seeded overnight in 12-well culture plates at a
density of 1.5 X 10° cells/well. Upon reaching ~70% cell
density, the cells were exposed to ADNRs for 1, 2, 4, or 8 h in
1640 medium supplemented with 0.5% (v/v) FBS at 37 °C.
Flow cytometry (Beckman, USA) was utilized to determine the
fluorescence intensity of the cells after incubation. Three
replicates were performed for each group, with ~10* cells
collected per replicate. For confocal imaging, the cells were
seeded on 35 mm glass bottom dishes at a density of ~7 X 10*
cells/well and were cultured and treated with ADNRs under
the same conditions as above. The cells were then stained with
Hoechst for nuclei and washed with PBS three times. A laser
confocal microscope (Zeiss LSM980) was used to obtain
images, with wavelength sets of 405 nm Ex/415—480 nm for
Hoechst and 488 nm Ex/500—540 nm for Alexa488.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00097.

Supplementary experimental details, polyacrylamide gel
electrophoresis images, wide-view AFM images, confocal
images, and tables of DNA sequences (PDF)
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