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Designer 3D DNA polyhedra for biomedical applications
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Abstract: Structural DNA nanotechnology explores various nanoscale structural and
functional properties of DNA to develop probes at nanoscale for diverse applications. Three
dimensional architectures based on DNA like various polyhedra, boxes, and DNA-based
dendrimers, have raised particular interest in biomedical applications. Some of these DNA
architectures have been recently explored as nano containers for functional molecules and as
molecular scaffolds to site specifically display biological ligands. Such DNA nanostructures
have been demonstrated to interact with cell-surface markers and trigger signalling pathways
in biological systems via specific targets. These recent studies highlight the emerging
potential of DNA devices in biomedical applications that could enable targeted delivery of
molecular payloads within living systems.
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Introduction

The last decade witnessed the emergence
of DNA in a new function — a scaffolding
material that can be moulded into
architectures on the nanoscale. DNA
possesses key chemical properties that
confer it with power to be used for
nanoscale construction (1) DNA can be
chemically produced using automated
chemical methods by high throughput and
combinatorial approaches; (2) it possesses
chemical robustness that provides stability
on the architectures, enabling their
functionality under diverse environmental
and cellular conditions; (3) DNA has
uniform and periodic double helical nature
independent of its primary sequence; (4)
the thermal stability of different sequences
of DNA can be easily predicted; (5) thus
its possible and feasible to program
interaction hierarchies into base pairing of

Structural DNA nanotechnology creates
nanoarchitectures like (a) static or rigid
DNA scaffolds, 1D wires, tubes, 2D
sheets, tiles and crystals, 3D polyhedra,
DNA crystals, boxes and (b) dynamic
DNA systems, nanomachines, robots,
walkers, and sensors (Bhatia et al. 2011a,
b; Krishnan and Simmel 2011). Most of
these devices are assembled using short
segments of DNA either directly or

DNA nucleotides resulting in site-specific
molecular associations within a given
architecture; (6) different biochemical and
molecular biological tools are available to
manipulate DNA sequences specifically;
thus allowing controlled tailoring of
various DNA sequences and structures; (7)
DNA units are modular in nature; and (8)
certain sequences of single-stranded DNA
called aptamers can bind to a range of
molecules  with high specificity and
affinities. Multiple DNA units can thus be
combined in a programmed manner to
construct various complex nanostructures
both structurally and functionally. This
science, which utilizes DNA as
construction material for self-assembly at
the nanoscale is termed as structural DNA
nanotechnology (Modi et al. 2010).

through smaller modules that undergo self-
assembly in a programmed manner into a
well-defined nano-architecture. Recent
development in the field utilizes single
long strand of DNA, such as a viral
genome that folds into various shapes in
presence of hundreds of shorter single
strands called staple strands. This approach
called DNA origami has been explored to
construct panoply of complex and
functional  architectures (Sacca and
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Neimeyer 2012) (Fig. 1). This review
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focuses on molecularly identical and

structurally well-defined 3D designer nucleic acid-based devices for their applications in

nanomedicine and biomedical applications.
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Fig. 1. Structural DNA Nanotechnology — DNA can act asrigid rod upto the distances of

50 nm and different sequences of DNA can self-assemble with each other by specific
Watson-Crick base pairing (a). Exploring these properties, various nanoscale architectures
can be created into 1, 2 and 3D respectively. An example of various 2D and 3D architectures

built using DNA origami is represented in 1b.

DNA based 3D Polyhedra

For any scaffold to be used for biomedical
applications, it should possess the ability
to create molecularly addressable, well-
defined structures along with the capacity
to be connected with other functional
molecules Thus, a preliminary beginning
of this aspect in this field was the creation
of DNA-based structures that could entrap
external useful cargo like drug molecules
or therapeutic proteins within their cavity.
In 1991, the first 3D polyhedron made
from DNA was realized by Seeman and
co-workers, who formed a complex using
six strands of DNA that possessed the
molecular connectivity of a cube, even
though with extremely low yield (Chen
and Seeman 1991). The main aim of this

work was to create DNA based 3D
periodic meshwork which could entrap
protein molecules within its cavities and
thus enhance 3D protein crystallography.
This was followed by the creation of a
truncated octahedron using  similar
strategy, thus failing to get these structures
in higher yields (Zhang and Seeman 1994).
A DNA tetrahedron was constructed in
quantitative yields using a simple strategy
of combining four DNA oligonucleotides
to self-assemble together in one pot
assembly in 2005. This structure was the
first to be topologically characterized
using AFM, providing visual evidence of
the formation of DNA polyhedra
(Goodman et al. 2005). Shih et al.
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designed a DNA octahedron using a 1.8-kb
DNA and smaller staple oligonucleotides.
This approach served as a precursor to the
more well-known DNA “origami” method,
in which a long single strand of DNA is
folded into well-defined shapes using
several shorter DNA strands (Shih et al.
2004). DNA origami was later exploited to
make 3D polyhedra like icosahedron
(Douglas et al. 2009). The origami
methodology was further explored to
construct a cuboidal box by using six
copies of the genomic DNA of M13
bacteriophage (Andersen et al. 2009). The
controlled opening and release of
internally attached molecules was also
demonstrated using a DNA origami-based
3D robotic device (Douglas et al. 2012).
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All these techniques were based on folding
of DNA oligonucleotides in 3D space to
create polyhedra. An alternative approach
was developed in 2007, which used small
molecules as mimics of DNA junctions,
the DNA strands were covalently
conjugated together to form DNA-small
molecule junctions, which are stable and
prefolded in a defined confirmation. Using
such  small  molecule-DNA  based
junctions, various DNA polyhedra like
cubes, octahedra, and prisms were
constructed (Aldaye and Sleiman 2007). In
2008, a general self-assembly based
strategy was developed to programmably
polymerize DNA junctions into symmetric
polyhedra based on platonic solids (He et
al. 2008) (Fig. 2).

Fig. 2. DNA based 3D polyhedra. Various DNA based platonic solids like 3D polyhedra have
been synthesized and characterized using various approaches and techniques (a. cube, b,e.
octahedron, c,d. tetrahedron, f,g,h. icosahedron). Some of these polyhedra have been
characterized in terms of their ability to encapsulate external cargo (i. protein encapsulated
within DNA tetrahedron, j. nanoparticles encapsulated within DNA icosahedron, k. protein
encapsulated within DNA tetrahedron) as well as surface conjugation to different ligands like

CpG motifs (k) as well as antibodies (1).

DNA Polyhedra with functionalities

Most polyhedra postulated to have many
applications in areas including drug
delivery, biomolecular  organization,
bioreactors, etc. (Zhang et al. 2009;
Aldaye et al. 2008). All these applications
were based on two key properties of DNA
polyhedra: they could encapsulate various
cargos within their cavities, and that the
surface of DNA can be modified with
various tags at specific sites. Despite these
properties of DNA, the applications of
DNA polyhedra have been much less

explored. Entrapment of molecular cargo
within DNA polyhedra has been explored
to some extent. A protein like cytochrome
C was covalently attached to one arm of a
DNA tetrahedron and it was demonstrated
to be site specifically positioned on the
tetrahedron in such a way that it faced the
interior of the polyhedron and positioned
itself in the internal cavity of a DNA
tetrahedron (Erben et al. 2006). Using the
same strategy, different antibodies and
nanoparticles have been accommodated
within a DNA origami box (Douglas et al.
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2012). This strategy is extremely limited
covalent attachment of the cargo to the
host in such a way that the cargo is facing
inwards and positioned in the inner cavity
of these polyhedra. This strategy is limited
by two major problems - the number of
cargoes to be entrapped is restricted to the
number of sites at DNA edges facing
inwards, and more number of DNA strands
need to be modified to maximize
encapsulation efficiencies and yields.
Release of such covalently encapsulated
cargo also remains to be addressed.

The ability of any polyhedra to entrap
external cargo lies in its capacity to trap
freely diffusing cargo from external
solution while polyhedron is formed,
within its internal volume without
chemical attachment of the cargo to the
host. Such physical encapsulation of cargo
without modifying its structure within a
polyhedron can overcome all the previous
limitations and can entrap different types
of cargoes in high yields in bulk.

Using a modular self-assembly
methodology, a DNA icosahedron was
assembled in quantitative yields (Bhatia et
al, 2009). This strategy of construction is
much feasible than others since it offers
several advantages - the icosahedron can
be assembled from two halves, which
resemble two prefolded cup-shaped half
icosahedra. These two halves can be joined
together in presence of excess of external
cargo in solution, leading to formation of
icosahedron with the cargo trapped inside
the icosahedral cavity. It was shown that
DNA polyhedra like icosahedra can entrap
various cargoes like inorganic gold
nanoparticles, or organic polymers like
FITC-dextrans (Bhatia et al. 2009, 2011a,
b).

Along with its applications in its
utilization for delivery of encapsulated
cargo cell type specifically, some parallel
applications of cargo-loaded DNA
icosahedra also emerged in terms of
functional in vivo imaging. The latter
ability can have many applications in
nanomedicine and biomedical applications
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since it employs the
like target detection and quantitative
reporting. A range of cargo encapsulated
within smart DNA polyhedra can be
envisaged for various  bioimaging
applications such as  paramagnetic
nanoparticles, radioactive probes as along
with  fluorescent  chemical  probes.
Polyhedra carrying imaging agents can be
targeted to specific tissues in vivo and
various techniques can be explored for
functional and quantitative bioimaging like
X-ray, MRI, CT, PET, SPECT, or
fluorescence-based tomography. As an
example, DNA tetrahedra carrying SiRNAs
and conjugated to folic acid, labelled with
fluorophores when injected in mice were
targeted to tumours with minimal
accumulation in other bodily organs and
tissues (Lee et al. 2012).

Apart from carrying cargoes within their
encapsulable volumes, DNA polyhedra
also possess well defined external 3D
surfaces that can be modified at specific
sites  with  various  biomolecules,
nanoparticles, etc. using  chemical
conjugation procedures (Martin et al.).
This is extremely important and desired
since DNA polyhedra carrying payloads
can be surface modified by various
targeting moieties that can target the cages
along with encapsulated cargo to specific
target tissues or organs in living
organisms. As an example, DNA
tetrahedron was realized with hairpins
extending outwards from the edges of the
tetrahedron. These hairpins can function as
aptamers to recognize and bind various
analytes (molecules or receptors) in
solution or on the surface of cells (Zhang
et al. 2010). Tetrahedra conjugated to CpG
motifs inducing immune stimulatory
response in cells were also extended
outwards from each of the tetrahedral
vertices (Li et al. 2011). Exploring a
similar approach, an icosahedron was
designed to carry at each of its vertices,
aptamers against the MUCL1 protein
present on tumour cells (Chang et al.
2011). In a complimentary approach, Lee
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et al. incorporated SIRNA duplexes
protruding outwards from the middle of a

Biological applications of 3D DNA
polyhedra

The applications of DNA polyhedra, even
though discovered in 1991, had not been
explored to its full capacity. Cargo loaded
DNA icosahedra were shown to be
uptaken in living cells and in vivo by
Bhatia et al. (2011a, b). A fluorescent
biopolymer like FITC-dextran  was
encapsulated within DNA icosahedron and
it was observed that these, host-cargo
complexes were endocytosed by cellular
systems like Drosophila hemocytes. These
complexes were further microinjected into
an in vivo model C. elegans, where they
were taken up  specifically by
coelomocytes (Bhatia et al. 201la, b).
FITC-dextran is an established reagent for
pH measurements in biological systems
(Thomas et al. 1979). This work also
demonstrated that the functionality of the
encapsulated  FITC-dextran  remains
unaffected in cells and in vivo, in terms of
its pH sensing ability in the context of
endosomal maturation. These initial
findings have direct implications in
delivery applications where drug-loaded
DNA polyhedra can be targeted to tissues
and organs in living organisms by
modifying the surface properties of DNA
polyhedra with targeting ligands.

Other DNA devices like DNA tetrahedra
and nanotubes were similarly shown to be
uptaken by cells like HEK (human
embryonic kidney cells) and HelLa cells
vaccines

the DNA tetrahedron was conjugated to
streptavidin as an antigen and CpG
deoxynucleotides as adjuvant.  This
complex when injected in mice showed the
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DNA tetrahedron (Lee et al. 2012) (Fig.
2).

respectively (Walsh et al. 2011; Hamblin
et al. 2012). A DNA icosahedron, surface
modified with aptamers for MUC1 — a
marker for tumor surfaces was realized.
Doxorubicin was loaded within this
polyhedron by nucleobase intercalation.
These drug loaded, aptamer decorated
icosahedra were uptaken by cancer cells
and induced cell death (Chang et al. 2011).
A complimentary strategy for delivery
using DNA polyhedra was developed
using CpG motif carrying therapeutic
aptamers connected from the vertices of a
DNA tetrahedron. Toll-like receptors
present on the cell surface recognize these
CpG motifs carrying aptamers, which
induce immunostimulatory effects within
cells (Li et al. 2011; Schuller et al. 2011).
A significant breakthrough was achieved
in terms of DNAs ability for delivery,
when a DNA tetrahedra were developed
for targeted SiRNA delivery within living
organisms like mice (Lee et al. 2012). The
engineered tetrahedra carry extra siRNA
containing duplex arms connected to
tetrahedra and protruding from its edges.
One strand on the duplex was the
drug/siRNA while the other strand was
conjugated to a targeting motif - folate.
When injected within tumor carrying mice,
these structures showed specific targeting
to tumors without accumulation in other
organs and the siRNA effect was seen. In
order to develop DNA platform-based,

increase  immune  response  toward
streptavidin as compared to the immune
response against free streptavidin as
antigen (Liu et al. 2012) (Fig. 3).
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Fig. 3. Biological applications of DNA polyhedra. a, folate conjugated siRNA loaded DNA
tetrahedra for targeted delivery of sSiRNA to tumours in mice. b, CpG motifs conjugated DNA
tetrahedra carrying streptavidin to induce immune response in mice, ¢. FITC dextran
encapsulated DNA icosahedra for functional pH bioimaging of coelomocytes in C. elegans,
d. Doxorubicin loaded, aptamer conjugated DNA icosahedra for controlled drug delivery in

cancer cells.

Conclusions and future perspectives

DNA-based designer nano-architectures
hold substantive potential in nanomedicine
and related biomedical applications
(Pinheiro et al. 2011). The advantages
offered by DNA in control over structure
and the site-specific tailorability of the
scaffold is generalizable to panoply of
molecules and currently is unsurpassable
by any other scaffolds. DNA nanodevices
have very promising applications in
biomedical sciences. However, there are
still limitations before these are utilized for
pharmaceutical scales i.e. there is a long
journey to go before these devices can
make up from bench side to bed side. The
biggest limitation that restricts unlimited
applications of DNA nanodevices in
biology is that DNA is not targetable. The
language of cells and tissues has been

written in the codes of proteins and not
DNA. Thus, DNA needs to be interfaced
with various protein players to make them
compatible for the biological applications.
The chemistry of creating the interface
between DNA and other biomolecules like
proteins, lipids and sugars is still a biggest
limitation of DNA devices in biomedical
applications, which has been reflected by
just a handful of publications of biological
applications despite hundreds of reports of
construction and characterization of DNA
devices. The key challenges for DNA
devices for being used as commercial
delivery or diagnostic agents are: 1. The
stability of DNA devices in biological
systems — resistance to nucleases, 2. Strict
control over targeting these devices to
specific tissues without off target effects,
3. Control over release of entrapped cargo
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at target sites, 4. Scaling up the synthesis
of DNA components, 5. Costs of synthesis
and alternatives to the backbones to
increase flexibility and stability, 6.
Immunogenic response from the DNA
devices itself. Various alternative
strategies are currently being developed to
address these above challenges and to
develop clean DNA devices for
applications. For example, the scaling up
of simple DNA  structures was
demonstrated by amplifying key DNA
components from bacteria (Lin et al.
2008). The purified components were
shown to self-assemble into well-defined
polyhedra like tetrahedra in higher
quantities (Li et al. 2009). Thus, using
bacterial or cellular replication, it can be
possible to scale up the synthesis of
various components needed for DNA self-
assembly into nanopolyhedra. Once
internalized and targeted to the site of
release in  Dbiological systems, the
controlled release of a drug can be
achieved by opening these polyhedra or by
conformational change induced through an
external stimulus. DNA polyhedra were
shown to change their shapes in vitro in
response to external DNA strands
(Goodman et al. 2008; Aldaye and
Sleiman  2007). Alternatively, DNA
intercalating molecular drugs can either be
intercalated within the DNA components
of these structures or the DNA arms
themselves can be used as drugs like
SiRNA (Schuller et al. 2011; Zhang et al.
2012). In this regard, the DNA pyramids
with a loop in one of the arms were
realized. The single-stranded region of the
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