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Enhancing biocompatible stability of DNA nanostructures using
dendritic oligonucleotides and brick motifs

Youngeun KimP! Peng Yin*#l!

Abstract: The use of DNA-based nanomaterials in biomedical
applications is continuing to grow, yet more emphasis is being put on
the need for guaranteed structural stability of DNA nanostructures in
physiological conditions. Various methods have been developed to
stabilize DNA origami against low concentrations of divalent cations
and presence of nucleases. However, most strategies require a
complete encapsulation of nanostructures, which makes accessing
the encased DNA strands difficult, or chemical modification such as
covalent crosslinking of DNA strands. We present a novel stabilization
method by synthesizing DNA brick nanostructures with dendritic
oligonucleotides attached on the outer surface. We find that
nanostructures assembled from DNA brick motifs remain stable
against denaturation without any chemical modifications. Additionally,
densely coating the outer surface of DNA brick nanostructures with
dendritic oligonucleotides prevents nuclease digestion.

DNA nanotechnology enables synthesis of rationally designed
DNA nanostructures of arbitrary geometric configuration,’ and
such molecular-scale nanodevices can be used in biomedical
applications, driving the field towards programmably
customizable nanomedicine.?® Examples of DNA nano- cages,*®
capsules,® and carriers’ have been studied as delivery vehicles or
diagnostic devices for drug delivery, cancer treatment, and
immunotherapy.?’ Nevertheless, more recent literature highlights
the importance on the structural stability of DNA-based materials
under physiological conditions when using them in vitro and/or in
vivo.5" This is due to two main factors involved in degradation of
DNA nanostructures when exposed to biological conditions: (i)
denaturation caused by low divalent cation concentration
(physiological salt concentration ranges ~ 0.04 — 0.8 mM MgCl,),
and (i) digestion caused by the presence of nucleases.®

Multiple strategies have been developed to chemically or
physically stabilize the DNA nanostructures from falling apart in
cellular media (e.g. 10% FBS),"*%® and in general, encapsulation
of DNA nanostructures with different coating moieties prolongs
the survival time the longest yet to date."'*""'® For example,
while most bare DNA origami falls apart easily in physiological
condition, PEG-oligolysines,” lipid molecules,” or cationic
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polymers'®'® can become applied as coating material and extend
the half-life of DNA origami up to the order of ~100." Such
encasing strategy, however, often covers the entire outer surface
of DNA origami and therefore in theory, makes it difficult to access
the DNA strands post-coating. Ideally, one should be able to
access the DNA strands and nanostructures for complementary
lock-and-key mechanism without having to penetrate through a
thick layer of overlaid material.

In this work, we aim to structurally stabilize DNA
nanostructures with only oligonucleotide strands such that both
biocompatible stability and DNA accessibility remain viable. And
in doing so, we present two significant findings: (i) nanostructures
consisted of certain DNA brick motifs®"? remain structurally
stable at low divalent salt concentrations (e.g. 1x PBS), and (ii)
functionalizing the outer surface of DNA brick nanostructures with
dendritic oligonucleotides prevents digestion of nanostructures
from nucleases due to putative steric hindrance (Figure 1). As a
result, our strategy suggests that neither chemical protectants or
covalent base-pair interlocking is necessary to enhance the
stability of DNA brick nanostructures.

Recently, the Yin lab developed a strategy to assemble DNA
nanostructures of different sizes and shapes using short,
synthetic oligonucleotide strands.?"?* Such assembly of DNA
bricks, which consist of four short binding domains arranged so
that the bricks can interlock, does not require a scaffold. And while
the first generation of bricks were 32 nucleotides (nt) long,
consisting of four 8 nt binding domains,?® more recent
developments investigated brick strands with longer binding
domains (52 nt bricks with four 13 nt domains; 74 nt bricks with
two 18 nt and two 19 nt domains).?
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Figure 1. DNA nanostructures are constructed by (a) attaching dendritic
oligonucleotides to the outer surface of DNA brick nanostructures via (b)
hybridization to the complementary, protruding overhang strands.

We discovered that DNA brick nanostructures consisted of
strands with 13 or longer binding domains remain stable even
when they are placed in 1x PBS with no divalent salt. First, the
stability of DNA brick nanostructures was tested by removing
cations from solution. Three separate sets, each consisted of
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approximately two hundred strands of 32-, 52-, or 74-nt bricks,
were assembled at 10 mM or 40 mM MgCl, (note that assembly
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Figure 2. Structural stability test against low salt denaturation. (a) 32-, 52-, and
74-nt brick nanostructures and 3D origami were assembled at either 10 or 40
mM MgCl, (lanes 4, 7, 10, 13). Assembled samples were incubated at 37 °C in
1x PBS for 1 hour, then spin-filtered to completely remove any remaining salt in
solution (lanes 5, 8, 11, 14). All samples were characterized via agarose gel
electrophoresis. (b) TEM images were taken to confirm the preservation of
structures. Scale bars indicate 50 nm in length.

salt conditions were chosen based on previous literature?; see Sl
for a detailed protocol). All sets of samples were divided into two
sub-sets for comparison: (i) maintaining the overall MgCl,
concentration at 10 mM or 40 mM as control, and (ii) replacing the
buffer with 1x PBS via incubating the assembled structures in 1x
PBS at 37 °C for 1 hour, then using filtration to remove any excess
divalent salt in solution. To note, 3D DNA origami with binding
domain length of 8 nt was included for comparison (see SI for
design and assembly conditions). Gel electrophoresis results
show dissociation of structures in 1x PBS for 32-nt brick
nanostructures and 3D DNA origami (lanes 5 and 14, respectively,
in Figure 2a), while 52- and 74-nt brick nanostructures remained
stable, implying the significance in binding domain length upon
designing DNA nanostructures (lanes 8 and 11, respectively, in
Figure 2a). This experiment was repeated with a longer incubation
time (24 hours; Figure S2) and differently sized brick
nanostructures (Figure S3), and results indicate that all 52 nt brick
nanostructures remain stable regardless of their overall size. TEM
data also verify the structural stability of DNA brick nanostructures
in 1x PBS (Figure 1b), which remain structurally stable even after
4 days (Figure S4). Though it is expected that longer
complementary binding lengths lead to stronger interlocking
between base-pairs, all results emphasize the importance of
binding domain length as a contributing factor in stabilizing DNA
nanostructures. This finding also helps explain why most 3-D DNA
origami structures with average binding domain lengths of 7-10
base-pairs degrade when the global divalent salt concentration is
low (0 — 0.8 mM MgCl,)."*?°

DNA brick nanostructures that remain stable even in 1x PBS
were still susceptible to nucleases. After confirming that DNA
brick nanostructures were stable against low salt denaturation
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without any additional stabilization techniques, the same 52 nt
brick nanostructures were tested against nuclease digestion
(Figure S5). We followed a DNase | titration assay used in
previous literature,® and brick nanostructures were incubated with
varying concentrations of DNase | at 37 °C for 1 hour, then
characterized via gel electrophoresis. A decrease in band
intensity as well as a slight shift in band position were found
(Figures 3 and S5), suggesting that 52-nt bricks fall apart at a
DNase | concentration above ~ 5 U/mL. Such nuclease resistance
of DNA brick nanostructures is not high enough when compared
to that of chemically stabilized or encapsulated DNA origami
known in literature,"'® and therefore additional method is
required for stabilizing brick nanostructures against nuclease
digestion.

We thenceforth envisioned that densely functionalizing the
outer surface of DNA brick nanostructures with additional
oligonucleotide strands would stabilize them against enzymes.
This was mainly inspired by spherical nucleic acids (SNAs)®
which are formed by organizing nucleic acids radially around a
nanoparticle core. SNAs can enter cells without transfection
reagents, and once inside the cell, the nucleic acid components
of SNAs resist nuclease degradation, leading to longer
intracellular lifetimes.?®* Because bare DNA brick nanostructures
alone were not stable against nucleases, we hypothesized that
introducing surrounding oligonucleotides in high density would
prevent enzyme accessibility and therefore stabilize against
digestion.
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Figure 3. Structural stability test against nuclease digestion. (a) DNA brick
nanostructures with four different surface densities were studied — bare, single,
triple, and nonuple. All assembled DNA brick nanostructures were incubated at
37 °C for 1 hour with varying DNase | concentrations (0 to 100 U/mL). (b)
Incubated samples were characterized via gel electrophoresis. (c) Analysis was
performed on three separate gel results, calculating the average, normalized,
band intensities and standard deviations.

Because only a limited number of overhang strands can be
designed into a given DNA brick nanostructure, the surface
density could be increased by attaching dendritic oligonucleotides.
To do this, DNA brick nanostructures were carefully designed to
have ~ 100 protruding overhang strands at which dendritic
oligonucleotides can become attached on 52 nt DNA brick
nanostructures (Figure 1b). Dendritic oligonucleotides were
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synthesized by incorporating a trebler phosphoramidite, a
branching reagent that can be incorporated in regular DNA
synthesis protocol. Integrating one trebler modifier enables each
single stranded DNA to branch into three separate single stranded
arms (3x), while including two repeated trebler moieties enables
the dendritic oligonucleotide to have nine single stranded arms
(9x). 3x or 9x dendrimers can hybridize to the overhang strands
to systematically increase the total number of available single-
stranded oligonucleotides on the outermost surface.

DNA brick nanostructures were tested against nuclease
digestion at four different surface oligonucleotide densities — (i)
bare, with no protruding strands from the brick nanostructures, (i)
single, with approximately 100 protruding DNA, (iii) triple, via
attachment of 3x dendrimers, and (iv) nonuple, via attaching 9x
dendrimers (Figure 3a). All samples were exposed to different
concentrations of DNase |, ranging from 0 to 100 U/mL. These
concentrations were chosen based on previous literature,? at
which a DNase | titration assay was used to characterize nuclease
resistance. Gel analysis shows that DNA brick nanostructures
have an increase in tolerance against DNase | at higher
oligonucleotide density on the outer surface. Some samples show
formation of multimeric (e.g. dimer) structures, however, this
phenomenon is found in most synthesized brick structures
(including bare ones), and therefore we do not believe the
multimeric structures themselves dramatically increase the
overall structural stability. Quantitative analysis was performed to
calculate the number of oligonucleotides available on the outer
surface via fluorescence measurements (Figures S7, S8). And
the estimated numbers of available DNA strands, relatively close
to the expected numbers with some error, indirectly validates the
accessibility of DNA sequences at the outer surface of brick
nanostructures.
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Figure 4. Testing stability in cellular media (10% FBS) and conducting cellular
uptake. (a) Bare (marked in blue circles) and nonuple (marked in orange
squares) DNA brick nanostructures were assembled, then incubated in 10%
FBS at 37 °C for varying lengths of time (0, 1, 2, 8, 12, 30 hours). Normalized
band intensities, from three separately conducted gel electrophoresis
experiments, were averaged and plotted against time. (b) Nonuple DNA brick
nanostructures (200 nM) were incubated with complementary Cy5-ssDNA (2
uM) to fluorescently label the structures. HEK293T cells were incubated with
200 nM fluorescently labeled nonuple DNA brick nanostructures, and as control,
a separate set of HEK293T cells were incubated with 2 pM Cy5-ssDNA. Both
sets were characterized via an inverted fluorescence microscope using the Cy5
and bright-field channels.
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Lastly, in vitro studies were carried out on DNA brick
nanostructures incubated in 10% FBS cellular media for different
lengths of times. To compare the effect of dendritic brushes, bare
and nonuple brick nanostructures were tested in 10% FBS (Figure
S9). Results reveal a shorter survival time for bare brick
nanostructures while nonuple brick nanostructures survived up to
30 hours without significant degradation (Figures 4a and S10).
Cellular uptake studies were also performed by incubating
nonuple DNA brick nanostructures in HEK293T cells. Nonuple
DNA brick nanostructures were fluorescently labeled via
hybridizing complementary Cy5-ssDNA to the single-stranded
region of the dendritic oligonucleotides. In situ imaging results
show a clear difference in fluorescence between Cy5-ssDNA only
versus Cy5-DNA brick nanostructures (Figure 4b), as well as
successful uptake of brick nanostructures inside the cells.

In conclusion, (i) DNA brick nanostructures with binding
domain lengths 13-nt or longer are stable against denaturation in
low divalent salt concentration, and (ii) attaching dendritic
oligonucleotides at the outer surface of DNA brick nanostructures
stabilizes them against nuclease digestion. Such dendritic-
oligonucleotide-coated DNA brick nanostructures do not require
chemical base-pair interlocking techniques or encapsulation
coating methods yet still display structural stability in cellular
media as well as accessibility of DNA sequences at the surface.
As a result, brick nanostructures offer as a promising alternative
to DNA origami, especially while the fundamental question
remains unanswered whether viral DNA scaffold is safe to be
used in the context of drug delivery. Furthermore, unlike spherical
nucleic acids in which DNA strands are coated in an isotropic
manner, these brick nanostructures can become asymmetrically
functionalized with precise location control, which will have
important implications as research efforts shift to the use of multi-
functionalized nanomaterials.?*?
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