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NUCLEIC ACID NANOSTRUCTURES FOR IN VIVO AGENT DELIVERY

RELATED APPLICATIONS
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional
application number 61/901,820, filed November 8, 2013, U.S. provisional application number
62/021,256, filed July 7, 2014, and U.S. provisional application number 62/021,257, filed

July 7, 2014, the teachings of each of which are incorporated by reference herein.

FEDERALLY SPONSORED RESEARCH
This invention was made with Government support under Grant No. 1 DP2
0OD004641-01 awarded by National Institutes of Health, under Grant No. CCF-1317291
awarded by National Science Foundation, and under W91 1NF-12-1-0420 awarded by
Multidisciplinary University Research Initiative, U.S. Army Research Office. The

Government has certain rights in the invention.

FIELD OF THE INVENTION
The present disclosure relates to the field of nucleic acid nanotechnology. Some
embodiments of the present disclosure relate to nucleic acid nanostructures linked to

polyamine polymers.

BACKGROUND OF INVENTION

Nucleic acid nanostructures have great potential in biomedical applications, for
example, as drug delivery vehicles. The structures are biodegradable, can be functionalized
site-specifically, and can be engineered to undergo allosteric conformational changes,
allowing for precise interactions with target molecules and cells. Currently, however, the
biomedical application of nucleic acid nanostructures is hindered due to nucleic acid
degradation and architectural instability under physiological conditions. For example, use of
nucleic acid nanostructures for vaccine delivery, such as cancer vaccine delivery, is
particularly problematic. Cancer vaccines promote tumor regression by activating dendritic
cells (DCs) to drive the propagation of helper-T lymphocytes and cytotoxic-T lymphocytes
that recognize tumor-associated antigens. To overcome the immunosuppressive
microenvironment of tumors, an effective vaccine must produce a sustained and potent
induction of DCs and T cells. Simple antigens alone, in contrast to many intact pathogens,

often do not trigger robust or specific dendritic cell activation, especially for producing the
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Th1 response required for a vigorous cellular immune response. Thus, some vaccines, or
vaccine delivery vehicles, are produced or formulated with properties or other agents that
trigger robust or specific DC activation. Due to nucleic acid degradation and architectural
instability, use of nucleic acid nanostructures as vaccines, or as vaccine delivery vehicles, has
been limited, as they are not able to produce a sustained and potent induction of DCs and T

cells.

SUMMARY OF INVENTION

The present disclosure provides, in some embodiments, nucleic acid nanostructures
linked to polyamine polymers that “protect” the nanostructures from, among other things, the
adverse effects of low salt environments. In some embodiments, nucleic acid nanostructures
also linked to poly(ethylene imine) (PEI) and polyethylene glycol (PEG) copolymers (“PEI-
PEG copolymers). Some embodiments of the invention are based, at least in part, on the
surprising discovery that the structural integrity of nucleic acid nanostructures can be
maintained, even under physiological conditions (e.g., including low salt conditions), by
linking the structures to polyamine polymers, or a combination of polyamine polymers and
PEI-PEG copolymers. Unexpectedly, when nucleic acid nanostructures are “subsaturated”
with polyamine polymers (and in some embodiments, with a combination of polyamine
polymers and PEI-PEG copolymers), the architecture of the nanostructures is more stable,
and the nucleic acids are more resistant to nuclease degradation, relative to nanostructures
without polyamine polymers. The degree of polyamine polymer saturation or, alternatively,
the ratio of polyamine polymers to nanostructures impacts nanostructure stability. In some
embodiments, the degree of polyamine polymer and PEI-PEG copolymer saturation or,
alternatively, the ratio of polyamine polymers and PEI-PEG copolymers to nanostructures
impacts nanostructure stability.

Thus, various aspects of the present disclosure provide nucleic acid nanostructures
(e.g., nancocapsules with a capsule-like shape) subsaturated with polyamine polymers.
Nucleic acid nanostructures are herein considered to be “subsaturated” with polyamine
polymers if less than 100% of the phosphates of a nucleic acid nanostructure backbone are
linked (e.g., covalently or non-covalently) to amines of polyamine polymers. In some
embodiments, less than 95%, less than 90%, less than 80%, less than 70% or less than 60% of
the phosphates of nucleic acid nanostructure are linked (e.g., covalently or non-covalently) to
amines of the polyamine polymers. In some embodiments, 5% to 95% or 10% to 95% of the
phosphates of a nucleic acid nanostructure backbone are linked (e.g., covalently or non-

2



10

15

20

25

30

WO 2015/070080 PCT/US2014/064659

covalently) to amines of polyamine polymers. In some embodiments, 5% to 95%, 5% to
90%, 5% to 85%, 5% to 80%, 5% to 75%, 5% to 70%, 5% to 65%. 5% to 60%, 5% to 55%,
5% to 50%, 5% to 45%, 5% to 40%, 5% to 35%, 5% to 30%, 5% to 25%%, 10% to 95%,
10% to 90%, 10% to 85%, 10% to 80%, 10% to 75%, 10% to 70%, 10% to 65%, 10% to
60%, 10% to 55%, 10% to 50%, 10% to 45%, 10% to 40%, 10% to 35%, 10% to 30%, or
10% to 25% of the phosphates of a nucleic acid nanostructure backbone are linked (e.g.,
covalently or non-covalently) to amines of polyamine polymers.

In some embodiments, nucleic acid nanostructures further comprise poly(ethylene
imine)-polyethylene glycol (PEI-PEG) copolymers. In some embodiments, nucleic acid
nanostructures are subsaturated with a combination of polyamine polymers and PEI-PEG
copolymers. Nucleic acid nanostructures are herein considered to be “subsaturated” with a
combination of polyamine polymers and PEI-PEG copolymers if less than 100% of the
phosphates of a nucleic acid nanostructure backbone are linked (e.g., covalently or non-
covalently) to amines of polyamine polymers and/or amines of the PEI-PEG copolymers. In
some embodiments, less than 95%, less than 90%, less than 80%, less than 70% or less than
60% of the phosphates of nucleic acid nanostructure are linked (e.g., covalently or non-
covalently) to amines of the polyamine polymers and/or amines of PEI-PEG copolymers. In
some embodiments, 5% to 95% or 10% to 95% of the phosphates of a nucleic acid
nanostructure backbone are linked (e.g., covalently or non-covalently) to amines of
polyamine polymers and/or amines PEI-PEG copolymers. In some embodiments, 5% to
95%, 5% to 90%, 5% to 85%, 5% to 80%, 5% to 75%, 5% to 70%, 5% to 65%, 5% to 60%,
5% to 55%, 5% to 50%, 5% to 45%, 5% to 40%, 5% to 35%, 5% to 30%, 5% to 25%%, 10%
to 95%, 10% to 90%, 10% to 85%, 10% to 80%, 10% to 75%, 10% to 70%, 10% to 65%,
10% to 60%, 10% to 55%, 10% to 50%, 10% to 45%, 10% to 40%, 10% to 35%, 10% to
30%, or 10% to 25% of the phosphates of a nucleic acid nanostructure backbone are linked
(e.g., covalently or non-covalently) to amines of polyamine polymers and/or amines PEI-PEG
copolymers.

In some embodiments, the ratio of polyamine polymers (e.g., polylysine polymers) to
PEI-PEG copolymers is 10:1, 9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1 or 1:1. In some
embodiments, the ratio of PEI-PEG copolymers to polyamine polymers (e.g., polylysine
polymers) is 10:1, 9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1 or 1:1.

In some embodiments, nucleic acid nanostructures comprise (e.g., are subsaturated

with) a combination of polyamine polymers and copolymers.
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Nucleic acid nanostructures may comprise deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA). In some embodiments, nucleic acid nanostructures comprise single-
stranded plasmid DNA (e.g., single-stranded M13 plasmid DNA).

In some embodiments, nucleic acid nanostructures are two- or three-dimensional. For
example, nucleic acid nanostructures may be one of many defined and predetermined shapes
such as, for example, a cuboidal shape, a cylindrical shape, an irregular shape or abstract
shape.

In some embodiments, nucleic acid nanostructures are rationally designed. A nucleic
acid nanostructure is herein considered to be “rationally designed” if the nucleic acids that
form the nanostructure are selected based on pre-determined, predictable nucleotide base
pairing interactions that direct nucleic acid hybridization (for a review of rational design of
DNA nanostructures, see, e.g., Feldkamp U., et al. Angew Chem Int Ed Engl. 2006 Mar
13;45(12):1856-76, incorporated herein by reference). In some instances, nucleic acid
nanostructures may be referred to as nucleic acid nanoarchitectures (e.g., DNA
nanoarchitectures). A nanocapsule, rationally designed to resemble the shape of a capsule, is
one example of a particular nucleic acid nanoarchitecture.

It should be appreciated that nucleic acid nanostructures of the present disclosure, in
some embodiments, do not include condensed nucleic acid.

It should be appreciated that nucleic acid nanostructures of the present disclosure, in
some embodiments, do not include coding nucleic acid. That is, in some embodiments,
nucleic acid nanostructures of the present disclosure are “non-coding” nucleic acid
nanostructures (i.e., do not include coding nucleic acids). In some embodiments, less than
50% of the nucleic acid sequence in a nucleic acid nanostructure include coding nucleic acid.
For example, less than 45%, less than 40%, less than 35%, less than 30%, less than 25%, less
than 20%, less than 15%, less than 10% or less than 5% of a nucleic acid nanostructure may
include coding nucleic acid sequence.

In some embodiments, nucleic acid nanostructures do not include circular plasmid
DNA. In some embodiments, less than 50% of the nucleic acid sequence in a nucleic acid
nanostructure include circular plasmid DNA. For example, in terms of nucleic acid length or
mass, at least 50% of the nucleic acid sequence used to form or that contributes to the nucleic
acid nanostructure is present as a circular plasmid DNA. In some embodiments, less than
45%, less than 40%, less than 35%, less than 30%, less than 25%, less than 20%, less than
15%, less than 10% or less than 5% of a nucleic acid nanostructure includes circular plasmid

DNA.
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In some embodiments, nucleic acid nanostructures are not encapsulated by or coated
with (e.g., linked to) lipids. In some embodiments, less than 50% of the nucleotides in a
nucleic acid nanostructure are linked to lipids. For example, less than 45%, less than 40%,
less than 35%, less than 30%, less than 25%, less than 20%, less than 15%, less than 10% or
less than 5% of nucleotides in a nucleic acid nanostructure may be linked to lipids.

Polyamine polymers, in some embodiments, comprise amino acids. Amino acids may
comprise, for example, amine-containing side chains (such amino acids are referred to herein
as “amine-containing amino acids.” In some embodiments, polyamine polymers comprise
lysine.

In some embodiments, polyamine polymers comprise or consist of peptides. Peptides,
in some embodiments, comprise at least 10%, at least 25%, at least 50%, at least 75% or at
least 90% lysine or other amine-containing amino acid. Lysines (i.e., lysine amino acids) of
polyamine polymers, in some embodiments, are separated from each other by at least one, at
least two, at least three, or more, non-lysine amino acids or non-amine-containing amino
acids.

In some embodiments, polyamine polymers are polylysine homopolymers (e.g.,
peptides that consist of lysine). In some embodiments, polyamine polymers are polyarginine
homopolymers (e.g., peptides that consist of arginine). In some embodiments, polyamine
polymers are polyhistidine homopolymers (e.g., peptides that consist of histidine).

In some embodiments, polyamine polymers are branched.

Polyamine polymers, in some embodiments, comprise or consist of 4 to 100 amino
acids, 5 to 75 amino acids, 4 to 50 amino acids, 4 to 25 amino acids, or 4 to 15 amino acids
such as amine-containing amino acids. In some embodiments, polyamine polymers comprise
or consist of 6, 8, 10 or 12 amino acids such as amine-containing amino acids.

In some embodiments, polyamine polymers comprise spermine.

In some embodiments, nucleic acid nanostructures of the present disclosure comprise
one or more groups of Formula (I) or a pharmaceutically acceptable and/or quaternary salt

thereof covalently attached thereto:

_§_L1+’\Il (L2)n+RZ
R! mo(T)

or one or more compounds of Formula (II) or a pharmaceutically acceptable salt

and/or quaternary thereof non-covalently associated therewith:
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R1_L1+’}l_(L2)n+RZ
R m

L' is a direct covalent bond or a linker group comprising any one or combination of

(1)

wherein:

optionally substituted alkylene, optionally substituted alkenylene, optionally substituted
alkynylene, optionally substituted heteroalkylene, optionally substituted heteroalkenylene,
optionally substituted heteroalkynylene, optionally substituted carbocyclylene, optionally
substituted heterocyclylene, optionally substituted arylene, and optionally substituted
heteroarylene;

each R' is independently hydrogen, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted alkynyl, optionally substituted heteroalkyl, optionally
substituted heteroalkenyl, optionally substituted heteroalkynyl, optionally substituted
carbocyclyl, optionally substituted heterocyclyl, optionally substituted aryl, optionally
substituted heteroaryl, —C(:O)RA, —C(:O)ORA, —C(:O)N(RA)Z, or a nitrogen protecting
group; or

R'isa group of formula:

_E_LZ N (L2)n RZ
R "

each L? is independently a linker selected from any one or combination of optionally

substituted alkylene, optionally substituted alkenylene, optionally substituted alkynylene,
optionally substituted heteroalkylene, optionally substituted heteroalkenylene, optionally
substituted heteroalkynylene, optionally substituted carbocyclylene, optionally substituted
heterocyclylene, optionally substituted arylene, and optionally substituted heteroarylene;

each R” is independently hydrogen, —-N(R"),, ~OR*, —SR*, optionally substituted
alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally substituted
heteroalkyl, optionally substituted heteroalkenyl, optionally substituted heteroalkynyl,
optionally substituted carbocyclyl, optionally substituted heterocyclyl, optionally substituted
aryl, optionally substituted heteroaryl, a nitrogen protecting if attached to a nitrogen atom, an
oxygen protecting group if attached to an oxygen atom, or a sulfur protecting group if
attached to a sulfur atom;

each R* is independently hydrogen, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, optionally substituted heteroalkyl,
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optionally substituted heteroalkenyl, optionally substituted heteroalkynyl, optionally
substituted carbocyclyl, optionally substituted heterocyclyl, optionally substituted aryl,
optionally substituted heteroaryl, a nitrogen protecting if attached to a nitrogen atom, an
oxygen protecting group if attached to an oxygen atom, or a sulfur protecting group if
attached to a sulfur atom, or two R” groups attached to a nitrogen atom are joined to form an
optionally substituted heterocyclic ring or optionally substituted heteroaryl ring.

n is an integer between 1 and 100,000, inclusive; and

m is an integer between 1 and 100,000, inclusive.

In some embodiments, L* is optionally substituted alkylene, optionally substituted
alkenylene, or optionally substituted alkynylene. In some embodiments, L* is an optionally
substituted alkylene of formula —(CH2)p—, wherein p is an integer between 1 and 10,
inclusive.

In some embodiments, L” is —C(RA)—C(zO)—.

In some embodiments, R* of —C(R™)~C(=0)- is an optionally substituted alkyl such
as a lysine side chain.

Various other aspects of the present disclosure provide nucleic acid compositions that
comprise any of the foregoing nucleic acid nanostructures and a solution that comprises less
than 10 mM magnesium (Mg>"). For example, a solution may comprise 0.1 mM to 0.9 mM
Mg**, or 0.6 mM Mg**. In some embodiments, a solution may comprise nanomolar
concentrations of Mg**. For example, a solution may comprise 1 nM to 100 nM Mg**. Such
low salt concentrations are particularly advantageous, for instance, for use in the field of
material science, where high salt can lead to aggregation of metal particles.

In some embodiments, a solution further comprises 0.5 mM to 1.5 mM calcium
(Ca®"). For example, the solution may comprise 0.9 mM Ca**. In some embodiments, a
solution comprises 1.2 mM Ca*".

Other aspects of the present disclosure provide pH-sensitive nucleic acid (e.g., DNA)
nanostructures, such as nanocapsules, that function, for example, as carriers for in vivo
delivery of agents. A “nucleic acid nanocapsule,” also referred to herein for simplicity as a
“nanocapsule,” is a composite three-dimensional nucleic acid nanostructure (e.g., comprising
two or more nucleic acid nanostructures) having an exterior surface and an interior
compartment for encapsulation of, for example, agents. In some embodiments, nanocapsules
are carriers of agents, including adjuvants, for vaccination. Nanocapsules, as provided
herein, can be loaded with at least one agent (e.g., antigenic peptide, an RNA interference
molecule, adjuvant and/or tracking dye), referred to herein as “cargo,” and targeted to a

7
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particular cell type, such as, for example, dendritic cells. Upon entry into the endosome of a
cell (e.g., by cell endocytosis of the capsule), a pH-sensitive nanocapsule is triggered by a
change in environmental pH to release its cargo. Unlike other nucleic acid nanostructures, a
nanocapsule of the present disclosure offers its cargo protection from degradation, in some
embodiments, by sequestering the cargo inside a closed compartment of the nanocapsule as
the nanocapsule travels to its target cells. Additionally, in some embodiments, the
nanocapsule itself is encapsulated by a protective coating (e.g., polyamine polymers, or a
combination of polyamine polymers and PEI-PEG copolymers).

Nanocapsules of the present disclosure, in some embodiments, permit a higher
concentration of agent delivery to cells in vivo relative to other nucleic acid nanostructure
technologies. This higher concentration of delivery, in some embodiments, is the result of a
“peg board” configuration of nucleic acid nanocapsules that permits high-density decoration
(e.g., one agent per 65 nm?) of the interior of the nanocapsule with agent(s) and encapsulation
of agent(s) in the interior compartment of the nanocapsule. A nanocapsule is considered to
be “decorated” with agent (e.g., antigen and/or targeting molecules) if the agent is associated
with (e.g., covalently or non-covalently linked to) the interior surface or exterior surface of
the nanocapsule.

Targeting of nanocapsules is achieved, in some embodiments, by high-density
decoration of their exterior surface with targeting molecules (e.g., antibodies or antibody
fragments) that bind specifically to cell-type-specific antigens and/or receptors. For example,
nanocapsules may be decorated with single chain antibody fragments (scFv) that specifically
bind to DEC205, which is enriched on target dendritic cells.

The pH-sensitive opening and release of cargo in a cell (e.g., in an endosomal
compartment) depends on two different mechanisms built into some nanocapsules. The first
mechanism depends on the presence of partially-complementary pH-responsive single-
stranded nucleic acid “handles” and “anti-handles” present at the interface of two nucleic acid
nanostructures that, together, form at least part of a nanocapsule. The second mechanism
depends on the presence of pH-responsive nucleic acids that function as linkers, linking
agent(s) to a surface (e.g., interior and/or exterior) surface of a nanocapsule.

Aspects of the present disclosure provide nucleic acid nanocapsules that comprise a
first nucleic acid nanostructure linked to a second nucleic acid nanostructure through a pH-
sensitive interface, and an interior compartment formed by linkage of the first nucleic acid

nanostructure to the second nucleic acid nanostructure.
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In some embodiments, the first nucleic acid nanostructure comprises pH-sensitive
single-stranded nucleic acid handles, and the second nucleic acid nanostructure comprises
single-stranded nucleic acid anti-handles that are partially complementary to the pH-sensitive
handles, and the first nucleic acid nanostructure is linked to the second nucleic acid
nanostructure through hybridization of the pH-sensitive handles to the anti-handles. It should
be understood that the interaction between handle and anti-handles are pH sensitive due to the
pH-sensitive nature of the handles.

In some embodiments, the pH-sensitive handles comprise the sequence of SEQ ID
NO: 1.

In some embodiments, the anti-handles comprise the sequence of SEQ ID NO: 2 or
SEQ ID NO: 3.

In some embodiments, a nanocapsule has two ends, and each end of the nanocapsule
has an opening of less than 10 nm in diameter. In some embodiments, each end of the
nanocapsule has an opening of 2 nm to 10 nm (e.g., 2, 3, 4,5, 6,7, 8, 9 or 10 nm) in diameter.

In some embodiments, a nucleic acid nanocapsule further comprises an (e.g., at least
one) agent linked to an interior surface and/or an exterior surface of the nanocapsule. In
some embodiments, a nucleic acid nanocapsule further comprises at least two agents linked to
an interior surface and/or an exterior surface of the nanocapsule. In some embodiments, the
agent is linked to an interior surface and/or an exterior surface of the nanocapsule through
hybridization of complementary single-stranded nucleic acids. In some embodiments, the
agent is bound to an interior surface and/or an exterior surface of the nanocapsule through
hybridization of partially complementary pH-sensitive handles and anti-handles.

In some embodiments, the agent is a targeting molecule linked to the exterior surface
of a nanocapsule. A targeting molecule may be, for example, an antibody, an antibody
fragment or a ligand.

In some embodiments, the agent is a therapeutic agent, a prophylactic agent, a
diagnostic agent and/or an adjuvant. The antigen may be, for example, a peptide antigen.

In some embodiments, the agent is an adjuvant. The adjuvant may be, for example, a
CpG oligonucleotide.

In some embodiments, a nucleic acid nanocapsule further comprises polyamine
polymers and/or copolymers of cationic poly(ethylene imine) and polyethylene glycol. In
some embodiments, the nanocapsule is subsaturated with the polyamine polymers and/or

copolymers of cationic poly(ethylene imine) and polyethylene glycol. In some embodiments,
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the nanocapsule is subsaturated with a combination of polyamine polymers and copolymers
of cationic poly(ethylene imine) and polyethylene glycol.

In some embodiments, the first nucleic acid nanostructure and/or the second nucleic
acid nanostructure is in the form of a cylinder.

Aspects of the present disclosure provide compositions that comprise a nucleic acid
nanocapsule, as provided herein.

In some embodiments, compositions further comprise a delivery vehicle. In some
embodiments, the delivery vehicle is a polymeric gel.

Aspects of the present disclosure provide methods that comprise administering to a
subject a nucleic acid nanocapsule or a composition comprising a nanocapsule, as provided
herein.

Aspects of the present disclosure provide methods that comprise delivering to cells
(e.g., dendritic cells) a nucleic acid nanocapsule, as provided herein. In some embodiments, a
nucleic acid nanocapsule is delivered to cells (e.g., dendritic cells) in vivo.

Aspects of the present disclosure provide kits that comprise a first nucleic acid
nanostructure comprising pH-sensitive single-stranded nucleic acid handles, and a second
nucleic acid nanostructure comprising single-stranded nucleic acid anti-handles that are
partially complementary to the pH-sensitive handles, wherein in an aqueous solution having a
pH of greater than 6 (e.g., pH greater than 6.5, greater than 7, greater than 7.5), the first
nucleic acid nanostructure attaches to the second nucleic acid nanostructure through
hybridization of the pH-sensitive handles to the anti-handles, thereby forming a nucleic acid
nanocapsule having an internal compartment.

In some embodiments, kits further comprise an aqueous solution having a pH of
greater than 6 (e.g., pH greater than 6.5, greater than 7, greater than 7.5).

In some embodiments, the first and second nucleic acid nanostructures comprise pH-
sensitive handles.

In some embodiments, pH-sensitive handles comprise the sequence of SEQ ID NO: 1
or a sequence that has at least 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% identity to SEQ
ID NO:1.

In some embodiments, kits further comprise an agent linked to anti-handles that are
partially complementary (e.g., at least 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99%

complementary) to the pH-sensitive handles.
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In some embodiments, kits further comprise pH-sensitive handles and agents linked to
anti-handles that are partially complementary (e.g., at least 80%, 85%, 90%, 95%, 96%, 97%,
98% or 99% complementary) to the pH-sensitive handles.

Aspects of the present disclosure provide methods of delivering a vaccine to a subject,
comprising delivering (e.g., administering) to the subject a nanocapsule comprising an
antigen that activates or stimulates dendritic cells (e.g., to drive the propagation of helper-T
lymphocytes and cytotoxic-T lymphocytes). In some embodiments, the nanocapsules further
comprise a targeting agent (e.g., antibody or antibody fragment) and/or an adjuvant. In some
embodiments, the targeting agent is an antibody or antibody fragment that binds (e.g., binds

specifically) to DEC205 or other cell surface marker/receptor of dendritic cells.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a non-limiting example of the effect of spermine molecules on the
structural integrity of DNA nanostructures in low-magnesium buffers;

FIG. 2 shows a non-limiting example of the effect of polylysine polymers on the
structural integrity of DNA nanostructures in no-magnesium bufters;

FIG. 3 shows a non-limiting example of the effect of polylysine polymers on the
structural integrity of DNA nanostructures of various dimensions (samples run on a gel with
magnesium);

FIG. 4 shows a non-limiting example of the effect of polylysine polymers on the
structural integrity of DNA nanostructures of various dimensions (samples run on a gel
without magnesium);

FIG. 5 shows a non-limiting example of a transmission electron microscopy (TEM)
analysis of polylysine polymer-induced stability of DNA nanostructures in low-magnesium
buffers;

FIG. 6 shows a non-limiting example comparing the effects of polylysine polymers
and polyarginine polymers on the structural integrity of DNA nanostructures;

FIG. 7 shows a non-limiting example comparing the effects of different lengths of
polylysine polymers on the structural integrity of DNA nanostructures;

FIG. 8 shows a non-limiting example comparing the effects of polylysine polymer
length on the respective polylysine polymer concentration required to maintain the structural
integrity of DNA nanostructures;

FIG. 9 shows a non-limiting example comparing the effects of polylysine polymer
length with respect to thermal stability of DNA nanostructures;
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FIG. 10 shows a non-limiting example comparing the effects of polylysine polymer
length with respect to nuclease stability of DNA nanostructures;

FIG. 11 shows a non-limiting example comparing the effects of polylysine polymer
length with respect to nuclease stability of DNA nanostructures in fresh cell culture media;
and

FIGs. 12A-12C show non-limiting examples of polyamine polymers for use in
accordance with the present disclosure.

FIGs. 13A and 13B show the effect of length of oligolysine on the negative/positive
ratio. FIG. 13A: 100 pL of 1nM DNA nanostructure in SmM Tris, ImM EDTA, 6mM Mg +/-
x uM oligolysine (K,; n =6, ,8, 10, 12, 20) were dialyzed in 1L of 5 mM Tris, ] mM EDTA,
pH = 7.2 for 18 hours. Longer oligolysines have higher binding affinity to DNA and hence
can stabilize DNA nanostructure at high negative/positive ratio. FIG. 13B: TEM images of
DNA nanostructure coated with different lengths of oligolysine, stained with 2% uranyl
formate.

FIGs. 14A and 14B show oligolysine induced resistance to nuclease degradation.
FIG. 14A: 10 pL of freshly prepared cell media in RPMI-1640 was added to DNA
nanostructure (1 nM) and incubated at 37 °C for different time intervals. The samples were
loaded onto a 2% agarose gel composed of 0.5x TBE and 11 mM Mg. FIG. 14B: Effect of
length of oligolysine towards resistance to nuclease degradation in minutes. Coating with
oligolysine gives higher resistance to nuclease degradation compared to the naked origami.
Moreover, shorter oligolysines can offer higher nuclease resistance as they can afford high (-
)/(+) ratio.

FIGs. 15A and 15B show oligolysine induced toxicity to dendritic cells. FIG. 15A:
Freshly harvested dendritic cells were incubated with 1.5 pg/mL Ko for different time
intervals. The cells appeared healthy when viewed under a microscope. FIG. 15B: Confocal
image of dendritic cells incubated with oligolysine (K, peptide-coated, cy5 labeled DNA
nanostructure. Uptake into cells was observed, however, after a few hours, the cells began to
burst, and at 24 hours, very few mature cells were observed.

FIGs. 16A and 16B show synthesis and characterization of PEI-PEG complexes.
FIG. 16A: Reaction scheme depicting the synthesis of PEI-PEG complexes. Different molar
ratios of NHS activated PEG was reacted with PEI to form PEI-PEG complexes with varying
amounts of primary amines. FIG. 16B: Distribution of size (mean diameter) with respect to
different percentage of PEG coupling. The mean diameter of complexes was measured using
Dynamic Light Scalering (DLS).
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FIG. 17 shows a schematic representation of multilayered coating of DNA
nanostructures. Oligolysine (Kso) peptides are depicted by gray squiggly lines, and on
interaction with the DNA nanostructure (cylinder), form a uniform coating. The PEI-PEG 50
complexes are shown as a gray circles within a circles, and on interaction with DNA
nanostructure, they form a uniform coating.

FIGs. 18A-18D show TEM analysis of multilayered DNA nanostructures. TEM
images of (FIG. 18A) naked DNA nanostructure, (FIG. 18B) DNA nanostructure coated with
K0, (FIG. 18C) DNA nanostructure coated with only PEI-PEG 50 and (FIG. 18D) DNA
nanostructure coated with both K,y and PEI-PEG 50. The samples were stained with 2%
uranyl formate. Coating with only Ky preserves the structure, and coating with only PEI-
PEG 50 alters the DNA nanostructure. However, coating with both K, and PEI-PEG 50
maintained structural integrity of the DNA nanostructure.

FIGs. 19A-19D show oligolysine induced resistance to nuclease degradation. 10 pL.
of freshly prepared cell media in RPMI-1640 was added to DNA nanostructure and incubated
at 37 °C for different time intervals. The samples were loaded onto a 2% agarose gel
composed of 0.5x TBE and 11mM Mg. (FIG. 19A) naked origami, (FIG. 19B) origami
coated with Ky, (FIG. 19C) origami coated with only PEI-PEG 50 and (FIG. 19D) origami
coated with both Ky¢ and PEI-PEG 50. Oligolysine coating provides modest nuclease
protection. Combined coating with K,¢ and PEI-PEG 50 provides significant nuclease
protection as perceived from the strong DNA band.

FIGs. 20A-20D show confocal images of cellular uptake of cyS5 labeled DNA
nanostructure into freshly harvested dendritic cells. (FIG. 20A) naked DNA nanostructure,
(FIG. 20B) DNA nanostructure coated with Ky, (FIG. 20C) DNA nanostructure coated with
only PEI-PEG 50 and (FIG. 20D) DNA nanostructure coated with both K, and PEI-PEG 50.
The uptake of naked DNA nanostructure and DNA nanostructure coated with Ko was low.
DNA nanostructure coated with only PEI-PEG 50 was rapidly degraded and ejected from
cells. DNA nanostructure coated with a combination of K, and PEI-PEG 50 resulted in
greater cell uptake and longer residence time in the cells.

FIG. 21A(1)-21A(vi) show schematics of one embodiment of a nucleic acid
nanocapsule of the present disclosure. FIG. 21B shows schematics (top) of a 30 nm
“Genghis Khan” nanostructure and a 60 nm “Bungalow” nanostructure and corresponding
images (bottom) of the nanostructures in an aqueous solution. The schematic on the left
shows an example of a cross-section of the wall of a nanocylinder structure (e.g., Genghis
Khan or Bungalow) showing an arrangment of double helices in the structure.
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FIG. 22 A shows schematics of examples of single-stranded nucleic acid handles
linked to a nucleic acid nanocapsule (left) and different examples of agents linked to single-
stranded nucleic acid anti-handles that are complementary to the handles of the nanocapsule
(right). FIG. 22B shows a schematic of an example of a nucleic acid nanostructure linked on
its exterior surface to CpG oligonucleotides and scFV targeting molecules (left) and a nucleic
acid nanostructure linked on its interior surface to dye and antigen (right). FIG. 22C shows
schematics of different examples of agents linked to the interior surface and/or exterior
surface of a nucleic acid nanocapsule of the present disclosure.

FIG. 23A shows an example of a ligation scheme for coupling PEG-NHS to PEI
primary amines. The lower panels show agarose gel analysis of DNA nanostructure stability
when incubated for various time lengths in serum active cell medium. C= control, 1-2-4-8-o/n
time in hours. Four different protection degrees were tested: bare, N/P=0.1, N/P=1, N/P=10.
FIG. 23B shows uptake of PEI-PEG coated DNA nanostructures in bone marrow-derived
dendritic cells (BMDCs) at 0 min, 30 min, 60 min, 90 min, 120 min and 150 min. The
amount of uptake of PEI-PEG coated DNA nanostructures by BMDCs increases over time.

FIG. 24 A shows a schematic outline of a toll-like receptor 9 (TLR9) activation
experiment. FIG. 24B shows an interleukin 12 (IL12) cytokine enzyme-linked
immunosorbent assay (ELISA) assay to evaluate TLRO stimulation.

FIG. 25A shows schematics of one example of a pH-sensitive mechanism of the
present disclosure. The peptide antigen cargo is linked to a nanocapsule through pH-sensitive
handle/anti-handle interactions. When the nanocapsule with antigen cargo is in a low pH
(e.g., pH < 6) environment, the antigen cargo is release and delivered to cells. FIG. 25B
shows the confocal imaging of a peptide antigen release in live cells at 15 min, 30 min, 45
min, 60 min, 75 min, 90 min, 105 min and 120 min.

FIG. 26A shows T-cell activation assay results measured by fluorescent intensity
profiling with flow cytometry. FIG. 26B shows the cartoon outline of a T-cell activation
experiment. FIG. 26C shows quantification of the T-cell experiment using FlowJo analysis
(top, percent cell proliferation; bottom, relative amount of cell divisions).

FIGs. 27A-27F show examples of DNA cylinders. Top, cartoon representation of the
target designs, where each component ring (carious shades of gray) represents an individual
double helix. Top right, schematic representation of cylinder splayed open. FIGs. 27A(1),
27B(i), 27C(1), 27D(1), 27E(1) and 27F show negative-stain TEM of particles oriented axially.
FIGs. 27A(1), 27B(i1), 27C(ii), 27D(ii) and 27E(ii) show negative-stain TEM of particles
oriented laterally. FIGs. 27A(1), (ii) and 27B(i), (ii) show nanostructures with a 31 nm
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diameter and heights of 30 nm and 65 nm, respectively. FIGs. 27C(1), (i1) and 27D(i), (ii)
show nanostructures with a 60 nm diameter and heights of 30 nm and 35 nm, respectively.
FIG. 27E(i), (ii) shows a nanostructure with a 87 nm diameter and height of 26 nm. FIG. 27F
shows a nanostructure with a 113 nm diameter and height of 30 nm.

FIG. 28A shows a schematic of rhombic lattice points on the surface of cylinder
domains of a nucleic acid nanostructure. Each point can be functionalized with a ssDNA
handle. Each point has six nearest neighbors, each 8.7 nm away. Light gray points represent
anti-DEC205 attachments, black points represent anti-CD40 attachments. FIG. 28B shows
recombinant expression and IMAC purification of 6xHis tagged anti-DEC205 scFv.

FIG. 29A shows an agarose gel assay for nuclease degradation demonstrating
protection of DNA origami by hexalysine (K6) from digestion by DNAse I present in serum.
10 pLL of 1 nM nanocylinders (left half of gel: - K6; right half of gel; + K6) were incubated
with 10 pL of fresh cell medium (10% FBS in RPMI-1640) at 37 °C for different time points.
Lanes labeled “Sample before incubation” hold DNA nanocylinder prior to treatment by
serum, and therefore represents a no digestion control. FIG. 29B shows a schematic of a six-
helix bundle plug for the hole in the top of dome-shaped nucleic acid nanostructures.

FIG. 30A shows a schematic of acid-pH triggered dissociation of DNA cylinder
domains. Light gray strands are C-rich sequences that preferentially form dsDNA with the
dark gray strands at neutral pH, but preferentially form ssDNA i-motif self-structures at pH
5.5 or lower, and therefore dissociate from the dark gray strands at acidic pH. FIG. 30B
shows an agarose gel assay demonstrating dissociation of the two cylindrical domains over
time at pH 5.5.

FIGs. 31A-31E show activation of BMDCs and downstream activation of OT1 CD8"
T cells or OT2 CD4" T cells in vitro. FIG. 31A shows induction of IL-12 secretion by
BMDC:s after incubation with DNA-origami nanocylinders decorated with CpG danger
signals on the outside or inside of the nanocylinders. Outer-surface CpG presentation is
denoted by “out” while inner-surface CpG presentation is denoted by “in”, and the numbers
(e.g., 100, 50, 10) indicate the final concentration of CpG in nanomolar. Induction of IL-12
was suppressed by the presence of an oligoamine shell formulated with the cylinder domains,
and was only observed when CpG was displayed on the outside of the cylinders, but not
when displayed on the inside of the cylinders. FIG. 31B shows induction of OT1 CD8" T-
cell expansion (assessed by CFSE dilution) by BMDC:s treated with nanocylinders bearing
OVALI peptides at 10 nM final concentration. FIG. 31C shows OVAI peptide control. FIG.
31D shows induction of OT2 CD4" T-cell expansion by BMDCs treated with nanocylinders
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bearing OVAZ2 peptides at 10 nM final concentration. FIG. 31D shows OV AII peptide
control. Gray bars represent peak widths.

FIG. 32 shows that eliminating Tfr cells allows for enhanced anti-tumor B cell
responses. Wild-type (WT) mice were immunized with BRAF/PTEN antigens, and 7 days
later, Tth and/or Tfr cells were sorted and transferred to Tero” mice that received

BRAF/PTEN tumors. Serum was analyzed 8 days later for IgGG2b expression.

DETAILED DESCRIPTION OF INVENTION

Nucleic acids (e.g., DNA) can be fabricated as three-dimensional nanostructures that
are, for example, several mega-daltons in size. One such method of DNA nanostructure
fabrication is referred to as DNA origami, which includes producing three-dimensional
nucleic acid structures of arbitrary, predefined shape and size (see, e.g., WO 2013148186
ATl). Nucleic acid nanostructures have great potential in biomedical applications, particularly
because they are biodegradable, can be functionalized in a site-specific manner, and can be
engineered to undergo allosteric conformational changes, allowing for precise interactions
with target molecules and cells.

Practically, however, nucleic acid nanostructures have limited uses in the biomedical
field due, in part, to poor structural integrity and rapid degradation under physiological
conditions. Nucleic acid nanostructures typically require up to 10 mM magnesium ion
(Mg**) to neutralize electrostatic repulsion and thereby stabilize their shape. Thus, nucleic
acid nanostructures exhibit poor structural integrity in biological buffers (e.g., buffers
containing physiological levels of Mg** (e.g., 0.6 mM) and Ca** (e.g., 1.2 mM)).
Additionally, the activity of DNAse 1 in freshly prepared cell medium containing 10% fetal
bovine serum, which is typically used in biomedical applications, causes rapid degradation of
nucleic acid nanostructures.

Provided herein, in various aspects and embodiments, are nucleic acid nanostructures
that are engineered to maintain their structural integrity and resist nuclease degradation, even
under physiological conditions of magnesium depletion and nuclease activity. Nucleic acid
nanostructures herein are typically subsaturated with positively charged polyamine polymers
(e.g., polylysine peptides), or a combination of polyamine polymers and PEI-PEG
copolymers, which neutralize electrostatic repulsion and enhance nucleic acid resistance to
nuclease degradation, thereby stabilizing the shape of the nanostructures. Without being
bound by any particular theory, the primary interaction between polyamine polymers and
nucleic acid nanostructures is electrostatic: positively charged polymers can weave into the
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nanostructures to shield the negatively charged phosphate backbone of the nucleic acids and
thus promote close packing of nucleic acid helices. In some embodiments, nucleic acid
nanostructures further comprise PEI-PEG copolymers. Thus, in some embodiments, nucleic
acid nanostructures comprise a combination of polyamine polymers (e.g., polylysine
polymer) and PEI-PEG copolymers.

Current vaccination approaches used to enhance an immune response to cancer, for
example, involve isolating and activating dendritic cells ex vivo and then introducing these
programmed dendritic cells back into the patient. These activated dendritic cells may home
to a lymph node, present antigens to naive T-cells and stimulate and expand specific T-cell
populations that elicit anti-tumor responses. Such approaches require cell isolations and in
vitro dendritic-cell modifications, leading to multiple patient procedures, high cost and
regulatory concerns. Greater than 90% of transplanted dendritic cells die and few home to
the lymph nodes. Further, ex vivo dendritic-cell modifications may be dependent on culture
conditions, and be transient, and, thus, lose effectiveness on in vivo transplantation.

Techniques for activating dendritic cells directly in vivo are limited, in part, due to a
lack of agents and delivery vehicles that can withstand harsh physiological conditions that
lead to degradation of the agents and delivery vehicles.

Provided herein, in some aspects, are methods for in vivo delivery to cells, such as
dendritic cells, of agents loaded in (e.g., encapsulated by) carriers, referred to herein as a
“pH-sensitive nucleic acid nanocapsules,” that protect the agents from the harsh physiological
conditions. The interior compartment of such nanocapsules are loaded with agent(s), and the
exterior nucleic acid “shell” protects the agent from low salt conditions and nuclease
digestion associated with in vivo conditions. The nanocapsules, typically decorated with
targeting molecules, can be directed to a particular cell type (e.g., dendritic cell). Upon entry
into the cell, the nanocapsule is triggered by a change in pH to open and release the agent(s).
Thus, the pH-sensitive nucleic acid nanocapsules of the present disclosure permit delivery of

higher doses of agent directly to cells in vivo, relative to existing delivery technologies.

Nucleic Acid Nanostructures

A “nucleic acid nanostructure,” as used herein, refers to nucleic acids that form (e.g.,
self-assemble) two-dimensional (2D) or three-dimensional (3D) shapes (e.g., reviewed in
W.M. Shih, C. Lin, Curr. Opin. Struct. Biol. 20, 276 (2010), incorporated by reference
herein). Nanostructures may be formed using any nucleic acid folding or hybridization
methodology. One such methodology is DNA origami (see, e.g., Rothmund, P.W.K. Nature
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440 (7082): 297-302 (2006), incorporated by reference herein). In a DNA origami approach,
a nanostructure is produced by the folding of a longer “scaffold” nucleic acid strand through
its hybridization to a plurality of shorter “staple” oligonucleotides, each of which hybridize to
two or more non-contiguous regions within the scaffold strand. In some embodiments, a
scaffold strand is at least 100 nucleotides in length. In some embodiments, a scaffold strand
is at least 500, at least 1000, at least 2000, at least 3000, at least 4000, at least 5000, at least
6000, at least 7000, or at least 8000 nucleotides in length. The scaffold strand may be
naturally or non-naturally occurring. Staple strands are typically less than 100 nucleotides in
length; however, they may be longer or shorter depending on the application and depending
upon the length of the scaffold strand. In some embodiments, a staple strand may be 15 to
100 nucleotides in length. In some embodiments, a staple strand is 25 to 50 nucleotides in
length.

In some embodiments, a nucleic acid nanostructure may be assembled in the absence
of a scaffold strand (e.g., a scaffold-free structure). For example, a number of
oligonucleotides (e.g., less than 200 nucleotides or less than 100 nucleotides in length) may
be assembled to form a nucleic acid nanostructure.

Other methods for assembling nucleic acid nanostructures are known in the art, any
one of which may be used herein. Such methods are described by, for example, Bellot G. et
al., Nature Methods, 8: 192-194 (2011); Liedl T. et al, Nature Nanotechnology, 5: 520-524
(2010); Shih W.M. et al, Curr. Opin. Struct. Biol., 20: 276-282 (2010); Ke Y. et al, J. Am.
Chem. Soc, 131: 15903-08 (2009); Dietz H. et al, Science, 325: 725-30 (2009); Hogberg B. et
al, J. Am. Chem. Soc, 131: 9154-55 (2009); Douglas S.M. et al, Nature, 459: 414-418 (2009);
Jungmann R. et al, J. Am. Chem. Soc, 130: 10062-63 (2008); Shih W.M., Nature Materials,
7: 98-100 (2008); and Shih W.M., Nature, All: 618-21 (2004), each of which is incorporated
herein by reference in its entirety.

A nucleic acid nanostructure may be assembled into one of many defined and
predetermined shapes including without limitation a capsule, hemi-sphere, a cube, a cuboidal,
a tetrahedron, a cylinder, a cone, an octahedron, a prism, a sphere, a pyramid, a
dodecahedron, a tube, an irregular shape, and an abstract shape. The nanostructure may have
a void volume (e.g., it may be partially or wholly hollow). In some embodiments, the void
volume may be at least 25 %, at least 50%, at least 75%, at least 85%, at least 90%, or more
of the volume of the nanostructure. Thus, in some embodiments, nucleic acid nanostructures
do not comprise a solid core. In some embodiments, nucleic acid nanostructures are not
circular or near circular in shape. In some embodiments, nucleic acid nanostructures are not
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a solid core sphere. Depending on the intended use, nucleic acid nanostructures may be
assembled into a shape as simple as a two-dimensional sheet or as complex as a three-
dimensional capsule or lattice (or even more complex).

Nucleic acid nanostructures may be made of, or comprise, DNA, RNA, modified
DNA, modified RNA, PNA, LNA or a combination thereof.

In some embodiments, nucleic acid nanostructures (e.g., nanocapsules) are rationally
designed. A nucleic acid nanostructure is herein considered to be “rationally designed” if
nucleic acids that form the nanostructure are selected based on pre-determined, predictable
nucleotide base pairing interactions that direct nucleic acid hybridization. For example,
nucleic acid nanostructures may be designed prior to their synthesis, and their size, shape,
complexity and modification may be prescribed and controlled using certain select
nucleotides (e.g., oligonucleotides) in the synthesis process. The location of each nucleic
acid in the structure may be known and provided for before synthesizing a nanostructure of a
particular shape. The fundamental principle for designing, for example, self-assembled
nucleic acid nanostructures is that sequence complementarity in nucleic acid strands is
selected such that, by pairing up complementary segments, the nucleic acid strands self-
organize into a predefined nanostructure under appropriate physical conditions. Thus, in
some embodiments, nucleic acid nanostructures are self-assembling. Similarly, handles and
anti-handle nucleic acids (e.g., those linked to agents or targeting molecules) may be
rationally designed to attach specifically to an interior or exterior surface of a nanostructure,
in some embodiments, without intercalation or hybridization with nucleic acids forming the
body of the nanostructure.

Examples of nucleic acid nanostructures for use in accordance with the present
disclosure include, without limitation, capsules, lattices (E. Winfree, et al. Nature 394, 539
(1998); H. Yan, et al. Science 301, 1882 (2003); H. Yan, et al. Proc. Natl. Acad. of Sci. USA
100, 8103 (2003); D. Liu, et al. J. Am. Chem. Soc. 126, 2324 (2004); P.W.K. Rothemund, et
al. PLoS Biology 2, 2041 (2004)), ribbons (S.H. Park, et al. Nano Lett. 5, 729 (2005); P. Yin,
et al. Science 321, 824 (2008)), tubes (H. Yan Science (2003); P. Yin (2008)), finite two-
dimensional (2D) and three dimensional (3D) objects with defined shapes (J. Chen, N. C.
Seeman, Narure 350, 631 (1991); P. W. K. Rothemund, Narure 440, 297 (2006); Y. He, et al.
Nature 452, 198 (2008); Y. Ke, et al. Nano. Lett. 9, 2445 (2009); S. M. Douglas, et al. Nature
459, 414 (2009); H. Dietz, et al. Science 325, 725 (2009); E. S. Andersen, et al. Nature 459,
73 (2009); T. Liedl, et al. Nature Nanotech. 5, 520 (2010); D. Han, et al. Science 332, 342
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(2011)), and macroscopic crystals (J. P. Meng, et al. Nature 461, 74 (2009)). Other nucleic
acid nanostructures (e.g., nanocapsules) may be used as provided herein.

Polylysine, a cationic polymer, is known to be efficient in condensing plasmid DNA
into compact particles, for example, for delivery of therapeutic DNA. DNA is a highly
negatively charged polymer due to the repeating phosphate groups along the polymer
backbone. The interaction with cationic polymers such as polylysine is therefore an
electrostatic one. It is generally accepted that DNA condensation occurs through
neutralization of negative charges on the DNA by its interactions with cationic polylysine
polymers, followed by hydrophobic collapse as water is displaced from the DNA structure.
Generally, DNA is super-saturated with polylysine polymers such that most or all of the
negative charges of the DNA are neutralized, and the DNA condenses into a compact particle
of 12 nm to 300 nm in diameter, depending on the weight of the polylysine polymer and the
condensation conditions (e.g., charge ratio between polymer and DNA, salt concentration and
temperature). In some embodiments, the term “condensed nucleic acid” refers to a nucleic
acid particle that has a diameter and/or volume that is less than 80%, less than 70%, less than
60%, less than 50%, or less than 40% of the diameter and/or volume of its non-condensed
state (e.g., without being saturated or supersaturated with polylysine). Unlike the condensed,
compacted DNA particles described above, the nucleic acid nanostructures of the present
disclosure are not condensed into compact particles when complexed with polyamine
polymers in accordance with the present disclosure. Rather, nucleic nanostructures provided
herein are “subsaturated” with polyamine polymers such that the architecture of the structures
is not compromised. That is, nucleic acid nanostructures of the present disclosure have a 2D
or 3D shape, despite the additional weight of and interactions with positively-charged
polyamine polymers.

Thus, nucleic acid nanostructures provided herein, in some embodiments, are
subsaturated with polyamine polymers, or a combination of polyamine polymers and PEI-
PEG copolymers. As discussed above, nucleic acid nanostructures are considered to be
“subsaturated” with polyamine polymers and/or PEI-PEG copolymers if less than 100% of
the phosphates of the nucleic acid nanostructure backbone are linked to amines of polyamine
polymers and/or amines of PEI-PEG copolymers. In some embodiments, less than 98%, less
than 95%, less than 90%, less than 85%, less than 80%, less than 75%, less than 70%, less
than 65%, less than 60%, less than 55%, less than 50%, less than 45%, less than 40%, less
than 35%, less than 30%, less than 25%, less than 20%, less than 15% or less than 10% of the
phosphates of nucleic acid nanostructure are linked to amines of the polyamine polymers. In
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some embodiments, 10% to 90%, 10% to 80%, 10% to 50%, 20% to 90%, or 20% to 80% of
the phosphates of the nucleic acid nanostructure backbone are linked to amines of polyamine
polymers and/or amines of PEI-PEG copolymers. At such subsaturated levels, nucleic acid
nanostructures still maintain their structural integrity (e.g., keep their original shape), despite
their interactions with polyamine polymers and/or PEI-PEG copolymers. It should be
understood that a nucleic acid nanostructure subsaturated with polyamine polymers and/or
PEI-PEG copolymers is herein considered to “maintain its structural integrity” if the shape of
the nanostructure, under the same environmental conditions, can be distinguished/discerned
for a period of time that is greater than that of a control nucleic acid nanostructure (e.g., a
similar nucleic acid nanostructure that is not subsaturated with polyamine polymers and/or
PEI-PEG copolymers). For example, as shown in FIG. 5, nucleic acid nanostructures
subsaturated with polylysine homopolymers can be distinguished as circular shapes (right
hand column), while control structures without polylysine homopolymers appear as irregular
masses (center column). Thus, the nucleic acid nanostructures subsaturated with polylysine
homopolymers of FIG. 5 are considered to have maintained their structural integrity.

The relationship between amines of polyamine polymers, and/or amines of PEI-PEG
copolymers, and phosphates of nucleic acid nanostructures may also be described in terms of
an amine to phosphate ratio. The “N/P ratio,” herein, refers is the ratio of positive (+)
charges contributed to a structure by a primary, secondary or tertiary amine that can be
protonated (e.g., in the side chain of a peptide) to and negative (-) charges contributed to a
structure by phosphates of a nucleic acid backbone. For example, lysine in the middle of a
peptide contributes 1 + charge, while lysine at the N-terminus of a peptide contributes 2 +
charges. Thus, “subsaturated,” refers to a N:P ratio of 0.9:1 or lower (i.e., lower number of
amines compared to phosphates). “Saturated,” by comparison, refers to a N:P ratio of 1:1.
“Supersaturated” refers to a N:P ratio of 1.1:1 or greater (i.e., greater number of amines
compared to phosphates). Thus, in some embodiments, the ratio of amines or amines to
phosphate (e.g., amines of polyamine polymers, or amines of PEI-PEG copolymers that
interact with (e.g., are linked to) phosphates of a nucleic acid nanostructure backbone) is
lower than 1:1. For example, the ratio of amines phosphates may be 0.9:1, 0.8:1, 0.7:1, 0.6:1,
0.5:1,0.4:1,0.3:1,0.2:1 or 0.1:1. In some embodiments, the ratio of amines to phosphates is
0.9:1t00.1:1,0.9:1t0 5:1,0.8:1 to 0.1:1 or 0.5:1 to 0.1:1.

As used herein, the terms “nucleic acid” and/or “oligonucleotide” may refer to at least
two nucleotides covalently linked together. A nucleic acid of the present disclosure may
generally contain phosphodiester bonds, although in some cases, nucleic acid analogs are
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included that may have other backbones, comprising, for example, phosphoramide (Beaucage
et al., Tetrahedron 49(10):1925 (1993) and references therein; Letsinger, J. Org. Chem.
35:3800 (1970); Sprinzl et al., Eur. J. Biochem. 81:579 (1977); Letsinger et al., Nucl. Acids
Res. 14:3487 (1986); Sawai et al, Chem. Lett. 805 (1984), Letsinger et al., J. Am. Chem. Soc.
110:4470 (1988); and Pauwels et al., Chemica Scripta 26:141 91986)), phosphorothioate
(Mag et al., Nucleic Acids Res. 19:1437 (1991); and U.S. Pat. No. 5,644,048),
phosphorodithioate (Briu et al., J. Am. Chem. Soc. 111:2321 (1989), O-
methylphophoroamidite linkages (see Eckstein, Oligonucleotides and Analogues: A Practical
Approach, Oxford University Press), and peptide nucleic acid backbones and linkages (see
Egholm, J. Am. Chem. Soc. 114:1895 (1992); Meier et al., Chem. Int. Ed. Engl. 31:1008
(1992); Nielsen, Nature, 365:566 (1993); Carlsson et al., Nature 380:207 (1996), all of which
are incorporated by reference). Other analog nucleic acids include those with positive
backbones (Denpcy et al., Proc. Natl. Acad. Sci. USA 92:6097 (1995); non-ionic backbones
(U.S. Pat. Nos. 5,386,023, 5,637,684, 5,602,240, 5,216,141 and 4,469,863; Kiedrowshi et al.,
Angew. Chem. Intl. Ed. English 30:423 (1991); Letsinger et al., J. Am. Chem. Soc. 110:4470
(1988); Letsinger et al., Nucleoside & Nucleotide 13:1597 (1994); Chapters 2 and 3, ASC
Symposium Series 580, "Carbohydrate Modifications in Antisense Research”, Ed. Y. S.
Sanghui and P. Dan Cook; Mesmaeker et al., Bioorganic & Medicinal Chem. Lett. 4:395
(1994); Jeffs et al., J. Biomolecular NMR 34:17 (1994); Tetrahedron Lett. 37:743 (1996)) and
non-ribose backbones, including those described in U.S. Pat. Nos. 5,235,033 and 5,034,506,
and Chapters 6 and 7, ASC Symposium Series 580, "Carbohydrate Modifications in
Antisense Research”, Ed. Y. S. Sanghui and P. Dan Cook. Nucleic acids containing one or
more carbocyclic sugars are also included within the definition of nucleic acids (see Jenkins
et al., Chem. Soc. Rev. (1995) pp169-176). Several nucleic acid analogs are described in
Rawls, C & E News Jun. 2, 1997 page 35. All of these references are hereby expressly
incorporated by reference. Nucleic acid may have a homogenous backbone (e.g., entirely
phosphodiester or entirely phosphorothioate) or a heterogeneous (or chimeric) backbone.
Phosphorothioate backbone modifications render a nucleic acid less susceptible to nucleases
and thus more stable (as compared to a native phosphodiester backbone nucleic acid) under
certain conditions. Other linkages that may provide more stability to a nucleic acid include
without limitation phosphorodithioate linkages, methylphosphonate linkages,
methylphosphorothioate linkages, boranophosphonate linkages, peptide linkages, alkyl
linkages, dephospho type linkages, and the like. Thus, in some instances, nucleic acids have
non-naturally occurring backbones. Modifications of the ribose-phosphate backbone may be
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done, for example, to facilitate the addition of labels, or to increase the stability and half-life
of such molecules in physiological environments.

Nucleic acids may be single-stranded (ss) or double-stranded (ds), as specified, or
may contain portions of both single-stranded and double-stranded sequence (e.g., are partially
double-stranded). Nucleic acids may be DNA, both genomic and cDNA, RNA or a hybrid,
where the nucleic acid contains any combination of deoxyribo- and ribonucleotides, and any
combination of bases, including uracil, adenine, thymine, cytosine, guanine, inosine,
xathanine hypoxathanine, isocytosine, and isoguanine. As used herein, the term “nucleoside”
includes nucleotides as well as nucleoside and nucleotide analogs, and modified nucleosides
such as amino modified nucleosides. In addition, “nucleoside” includes non-naturally
occurring analog structures. Thus, for example, the individual units of a peptide nucleic acid,
each containing a base, are referred to herein as a nucleoside.

Nucleic acids include DNA such as B-form DNA, D-form DNA and L-form DNA
and RNA, as well as various modifications thereof. Modifications include base
modifications