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2.02.1 Introduction

DNA, well known as the genetic material, is also used in the construction of nanoscale objects [1–3]. DNA is inherently a
nanoscale material, with a diameter of B2 nm, a helical pitch of B3.4 nm and a persistence length of B50 nm (150 base pairs)
(Fig. 1(a)). In addition, the programmable base pairing (A:T and G:C) is key to the predictive self-assembly of DNA-based
materials (Fig. 1(b)). With these properties, the DNA double helix provides unparalleled precision, excellent predictability and easy
programmability for engineering scaffolds at the nanoscale.

Over the past four decades, DNA has been used in the construction of a variety of architectures. Some examples are periodically
patterned structures [4,5], three-dimensional polyhedra [6,7], topological constructs [8,9], biosensors [10,11] and molecular
computing systems [12–14]. Self-assembled two- [15–17] and three-dimensional lattices [18,19] created from DNA can be used as
a template to organize nanoparticles [20–22] and macromolecules [23–25], while closed objects have potential use in drug
delivery. The molecular recognition properties of DNA allow construction of materials with size ranges that are difficult to attain
via conventional microstructuring or chemical approaches [26].
2.02.2 Construction Using DNA

Since DNA is inherently a linear molecule, one cannot assemble multi-dimensional objects using it. Thus branched DNA motifs
form the core of the construction strategies that use DNA [27]. Branched DNA motifs with 4-, 5-, 6-, 8- and 12-arms have been
created (Fig. 1(c)) [28–30]. These DNA motifs can be connected to one another via sticky end cohesion [31], where short
overhangs of complementary single-stranded DNA on two different duplexes can cohere to form a pseudo-continuous duplex
(Fig. 1(d,e)). Moreover, the local geometry in sticky end cohesion is the regular B-form DNA [31], thus being highly desirable for
the construction of one-, two-, and three-dimensional arrays and other hierarchical assemblies.
2.02.2.1 DNA Objects

DNA strands of specific sequences chemically synthesized have been used to create closed objects such as cubes and polyhedra
(Fig. 2(a–c)) [6,7,32–34]. One such example is an icosahedral DNA structure that was constructed from pre-connected 5-arm DNA
junctions (Fig. 2(d)) [33]. DNA tetrahedra and DNA bipyramids have also been constructed using strands of designed sequences
that bind to specific complementary regions of other strands. DNA tetrahedron constructed using four component strands is an
example of designed assembly of component DNA strands without involving ligation and purification steps [34]. Hierarchical
Comprehensive Nanoscience and Nanotechnology, 2nd edition, Volume 2 doi:10.1016/B978-0-12-803581-8.10435-7 13

dx.doi.org/10.1016/B978-0-12-803581-8.10435-7


Fig. 1 Components of DNA nanotechnology. (a) Nanoscale features of DNA (b) Molecular recognition of DNA base pairs (c) Branched DNA
junctions with 4, 5, 6, 8 and 12 arms (d) Sticky end cohesion for connecting DNA motifs (e) Branched DNA junctions tailed with sticky ends can
be assembled into higher order structures.
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assembly of DNA objects from motifs has also been achieved. For example, a DNA three-point-star motif tailed with sticky ends
has been used to create tetrahedra, dodecahedra, and buckyballs (Fig. 2(e)) [35]. Using a similar strategy, DNA cubes have also
been constructed by controlling the symmetry of these three-point-star DNA motifs (Fig. 2(f)) [36] and a five-point-star motif has
been used to assemble an icosahedron (Fig. 2(g)) [37]. In addition, 3D DNA prisms have been constructed using a stepwise
strategy [38]. In this case, two triangle or square units with rigid organic molecules at the vertices were connected by linking strands
to create prism shapes (Fig. 2(h)).
2.02.2.2 Tile-Based 2D DNA Lattices

The original goal of assembling materials with DNA was to build a three-dimensional DNA scaffold that could host external guests for
crystallization [27,39]. Branched DNA junctions led to the creation of rigid motifs for tile-based self-assembly of periodic arrays. The
DNA double crossover (DX) molecules (with two crossover sites between helical domains) [40] have been shown to be approximately
two-times as stiff as linear DNA duplexes [41]. This rigidity, in conjunction with sticky end overhangs on edges of the DNA motif, led to
the formation of one- and two-dimensional periodic arrays [15]. Two DX tiles with different sets of sticky ends were used to create a
two-dimensional (2D) striped lattice. The second tile was modified to contain two hairpins that served as topographical markers on the
AFM images (Fig. 3(a)). The periodicity of the 2D arrays can further be controlled by changing the number of tiles used in the assembly
process. Moreover, such DX motifs could self-assemble into well-defined periodic 2D arrays with complex patterns [42].

The DNA triple crossover (TX) motif has been used to create similar 2D arrays (Fig. 3(b)) [16]. The TX molecule consists of three
double-helical domains that are connected by two crossover sites between each helical domain. Similar to the 2D DX arrays, the
periodicity of the TX arrays can be changed by using two or four component tiles.

The three-point star tile, where each of the three arms is a four-arm junction, can self-assemble into large, porous, hexagonal 2D
arrays (Fig. 3(c)) [43]. Another motif is the symmetric “cross” motif, in which each of the four directions consists of four-arm
junctions [44]. All four arms are identical in sequence, and this sequence symmetry prevents unwanted curvatures in the self-
assembly of 2D arrays (Fig. 3(d)). The cross-shaped motif has also been used to form finite assemblies by replacing specific sticky



Fig. 2 DNA objects. (a) DNA cube. Reproduced from Chen, J., Seeman, N.C., 1991. Synthesis from DNA of a molecule with the connectivity of a
cube. Nature 350, 631–633, (b) truncated octahedron, (c) octahedron, (d) icosahedron, (g) tetrahedron, octahedron and bucky ball assembled from
a three-point-star motif, (h) cube assembled from three-point-star motif, (i) icosahedron assembled from a five-point-star motif, (j) representative
examples of DNA prisms. Images reproduced with permission from the following references: Seeman, N.C., 2003. DNA in a material world. Nature
421, 427–431. Shih, W.M., Quispe, J.D., Joyce, G.F., 2004. A 1.7-kilobase single-stranded DNA that folds into a nanoscale octahedron. Nature
427, 618–621. He, Y., Ye, T., Su, M., et al., 2008. Hierarchical self-a.ssembly of DNA into symmetric supramolecular polyhedra. Nature 452,
198–201, copyright 2003, 2004, 2008: NPG; Zhang, Y., Seeman, N.C., 1994. Construction of a DNA-truncated octahedron. J. Am. Chem. Soc. 116,
1661–1669. Zhang, C., Ko, S.H., Su, M., et al., 2009. Symmetry controls the face geometry of DNA polyhedra. J. Am. Chem. Soc. 131,
1413–1415. Aldaye, F., Sleiman, H.F., 2009. Modular access to structurally switchable 3D discrete DNA assemblies. J. Am. Chem. Soc. 129,
13376–13377, copyright 1994, 2009, 2007: ACS; Bhatia, D., Mehtab, S., Krishnan, R., et al., 2009. Icosahedral DNA nanocapsules by modular
assembly. Angew. Chem. Int. Ed. 48, 4134–4137, copyright 2009, WILEY-VCH; Zhang, C., Su, M., He, Y., et al., 2008. Conformational flexibility
facilitates self-assembly of complex DNA nanostructures. Proc. Natl. Acad. Sci. USA 105, 10665–10669, copyright 2008, NAS.
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Fig. 3 Two-dimensional DNA arrays. (A) A double crossover (DX) based alternating array. The A and B tiles alternate in the array and are
connected via sticky ends. The B tile has a hairpin as a topological marker to identify the two types of tiles. (b) A triple crossover motif based 2D
array. (c) A three-point-star motif where each arm is a four-way junction, (d) a four-point-star (cross) motif, (e) a six-point-star motif. AFM images
for each type of array is shown in the bottom panel. (f) Rhombus-like motif assembles into a 2D array. (g) A tensegrity triangle with duplex
edges. (h) A tensegrity triangle with double crossover edges assembles into a 2D array. (i) A cross-shaped double-decker tile. (j) A Z-shaped tile
assembling into 2D arrays via paranemic cohesion. Images reproduced with permission from the following references: Winfree, E., Liu, F.,
Wenzler, L.A., Seeman, N.C., 1998. Design and self-assembly of two-dimensional DNA crystals. Nature 394, 539–544, copyright 1998: NPG;
LaBean, T.H., Yan, H., Kopatsch, J., et al., 2000. Construction, analysis, ligation, and self-assembly of DNA triple crossover complexes. J. Am.
Chem. Soc. 122, 1848–1860. Mao, C., Sun, W., Seeman, N.C., 1999. Designed two-dimensional DNA holliday junction arrays visualized by atomic
force microscopy. J. Am. Chem. Soc. 121, 5437–5443. Zheng, J., Constantinou, P.E., Micheel, C. et al., 2006. Two-dimensional nanoparticle
arrays show the organizational power of robust DNA motifs. Nano Lett. 6, 1502–1504. He, Y., Chen, Y., Liu, H., Ribbe, A.E., Mao, C., 2005. Self-
assembly of hexagonal DNA two-dimensional arrays. J. Am. Chem. Soc. 127, 12202–12203. He, Y., Tian, Y., Ribbe, A.E., Mao, C., 2006. Highly
connected two-dimensional crystals of DNA six-point-stars. J. Am. Chem. Soc. 128, 15978–15979. Liu, D., Wang, M., Deng, Z., Walulu, R., Mao,
C., 2004. Tensegrity: Construction of rigid DNA triangles with flexible four-arm DNA junctions, J. Am. Chem. Soc. 126, 2324–2325. Majumder, U.,
Rangnekar, A., Gothelf, K.V., Reif, J.H., LaBean, T.H., 2011. Design and construction of double-decker tile as a route to three-dimensional periodic
assembly of DNA, J. Am. Chem. Soc. 133, 3843–3845, copyright 2000, 1999, 2006, 2011, 2004, 2005, 2006: ACS; He, Y., Tian, Y., Chen, Y.,
et al., 2005. Sequence symmetry as a tool for designing DNA nanostructures. Angew. Chem. Int. Ed. 44, 6694–6696, copyright 2005, WILEY-VCH;
Shen, W.L., Liu, Q., Ding, B., et al., 2016. The study of the paranemic crossover (PX) motif in the context of self-assembly of DNA 2D crystals.
Org. Biomol. Chem. 14, 7187–7190, copyright 2016, RSC.
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ends in some tiles by blunt ends or hairpin loops. This approach has been applied to assemble finite nanoarrays that were used to
position streptavidin molecules, much like a molecular pegboard [45]. Such a small-scale addressable array may find applications
in investigating proximity effect between proteins or other macromolecules. The DNA six-point-star motif is a similar motif that
has also been used for periodic self-assembly of two-dimensional lattices (Fig. 3(e)) [46]. This tile-design allows for more
connectivity in that each star motif connects to six other star motifs. A rhombus-like motif has also been used for creating periodic
1D and 2D arrays (Fig. 3(f)) [17].

Features of the 2D arrays have been modified using double stranded (ds) DNA bridges [47]. The 2D lattice was formed by two
cross-shaped tiles, and the separation between tiles can be adjusted using two different sized dsDNA nanobridges, short (16 bases)
and long (26 bases). The DNA tensegrity triangle is another motif that can readily form periodic arrays in one- and two-
dimensions (Fig. 3(g)) [48]. As with the other arrays, the addition of sticky end overhangs to one or two edges of the triangle direct
the formation of 1D or 2D arrays respectively. Tensegrity triangles with double crossover edges have also resulted in 2D arrays
(Fig. 3(h)) and used to create an alternating 2D array of 5 and 10 nm gold nanoparticles [22]. Another motif used for 2D arrays
formation is the double-decker tile [49] that consists of two 4� 4 cross-tiles stacked on top of each other, linked together by two
crossovers in each arm (Fig. 3(i)).

The paranemic crossover (PX) DNA [50] has been used to link topologically closed molecules and to create covalently linked
1D DNA arrays [8,9]. Recently, a Z-shaped DNA motif with both PX- and sticky- ended cohesions has been used to form 2D arrays
(Fig. 3(j)). The tiles associate via PX cohesion in the vertical orientation and via sticky end mediated T-junction formation in the
horizontal orientation. Better arrays with long range order can be created by addition or deletion of base pairs in the PX region,
thus relieving any stress in the molecule [51,52].
2.02.2.3 Tile-Based 3D DNA Lattices

The tensegrity triangle motif previously described has also been used to create rationally designed three-dimensional DNA crystals
(Fig. 4) [18]. The tensegrity triangle motif consists of three double helical edges connected at the vertices by four-arm junctions
[48]. The ends of the helices are tailed with sticky ends so one triangle connects to six other triangles in three directions, leading to
the formation of an infinite periodic lattice (i.e., a crystal). Crystals with varying cavity sizes can be constructed by varying the edge
length of these motifs [18,53]. Using two different triangle motifs (with different sequences), the crystal can be modified to
Fig. 4 Designed DNA crystals. (A) A two helical turn tensegrity triangle motif that assembled into a three-dimensional lattice, (B) the crystal
formed from such a motif (C) assembly of triangles into a rhombohedral lattice, the three different directions are shown in three colors (D) the
crystals structure showing triangle arrangement in the crystal, the white box shows the rhombohedral cavity formed within 8 such triangles.
Images adapted and reproduced from Zheng, J., Birktoft, J.J., Chen, Y., et al., 2009. From molecular to macroscopic via the rational design of a
self-assembled 3D DNA crystal. Nature 461, 74–77, copyright 2009: NPG.
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contain two different asymmetric units, with different guests (for example, two different dye molecules in the two triangle units)
[19]. Tensegrity triangle motifs with 2-helical turn edges diffracted to 4 Å, and for it to be useful as a macromolecular scaffold for
structure determination of external guests, the resolution has to be improved. Stability of these crystal assemblies were improved
by biological production of component strands [54], modification of sticky end length and sequence [55,56], triplex-reinforced
sticky ends [57] and triplex-directed photo-crosslinking of the component motifs [58]. These designed DNA crystals have been
used to host triplex-forming oligonucleotides (TFOs) that can tether external molecules on to the framework [59], a polyaniline
molecule with potential in nanoelectronics [60], a color changing strand displacement-based device [61] and as a system to study
torsionally stressed DNA with induced changes in the helical twist of the component motif [62].
2.02.2.4 DNA Origami and DNA Bricks

DNA origami is an assembly method in which a long single stranded ‘scaffold’ DNA is folded using hundreds of short com-
plementary ‘staple’ strands into nanoscale shapes (Fig. 5(a)) [63]. This method has been used in the construction of 2D shapes as
well as 3D objects (Fig. 5(b–e)) [64–67]. DNA origami does not require highly pure strands, sequence optimization, or very precise
stoichiometry of component strands. It has been shown to be relatively easy to use, cheaper, and produces high yield of the desired
result [63]. DNA origami tiles have been used to create micrometer-scale 2D lattices via sticky end hybridization (Fig. 5(f)) [68].
Moreover, surface-assisted assembly [69,70] has also been used to create large arrays of DNA origami structures using improved
surface mobility on the addition of monovalent salts. Large ordered origami lattices were created by a combination of blunt-end
stacking interactions and surface diffusion of origami tiles of different shapes, and have been used for arranging proteins [71].

Single stranded DNA tiles [72] provide an alternative route to creating large-scale DNA nanostructures. These single stranded tiles
contain four domains that are complementary to specific domains on other tiles. By using a pool of such tiles, two-dimensional
structures can be created using the molecular canvas strategy [73] and three-dimensional assemblies using DNA bricks [74]. The DNA
brick strategy was recently expanded to create gigadalton-scale DNA structures with 10,000 unique components [75].
2.02.3 Applications of DNA Nanostructures

2.02.3.1 Biosensing

DNA is a desirable molecule for sensing because of its specificity, its robustness and its ability to function under a wide range of
biologically relevant temperatures and conditions [76]. Using a variety of readily available enzymes, DNA-based nanostructures
can be used for sensitive, multiplexed detection strategies. Thus DNA-based biosensors are cost-effective, sensitive and efforts are
underway for them to be used as point-of-care diagnostic tools.

2.02.3.1.1 Nucleic acids detection and genotyping
Genotyping of human diseases relies on specific molecular detection of nucleic acids or proteins. Current strategies such as
microarrays [77], reverse transcription polymerase chain reaction (RT-PCR) [78], and next-generation sequencing [79,80] are
convenient for high-throughput processing, but are still expensive [81], require probe labeling, and detection of low concentration
samples is still difficult [82].

DNA tetrahedra [83] are a class of nanostructures that exhibit structural rigidity and provide spatial positioning of functional guests
on their edges and/or vertices. DNA tetrahedron-based electrochemical biosensors have been created by combining them with surface-
based assays [84]. In this biosensor, three vertices of the DNA tetrahedron were attached to a gold electrode surface via thiol
modifications. The fourth vertex contained a single-stranded DNA (ssDNA) probe that points outward from the surface and is
complementary to part of the target (Fig. 6(a)). This strategy positions the probes away from the surface, thereby providing enhanced
accessibility of the probes compared to linear or stem-loop probe structures. In surface-based assays, target molecules have reduced
access to probes compared to probe-target recognition in solution [85,86]. This strategy positions the probes away from the surface,
thereby providing enhanced accessibility of the probes compared to linear or stem-loop probe structures. When part of the target binds
to the probe strand, a biotinylated reporter strand binds to the remaining part of the target. This hybridization event is then transduced
into electrochemical signals through the specific binding of an avidin-HRP (horseradish peroxidase) conjugate to the biotin, leading to
enzyme turnover-based signal transduction [87]. The probe-to-probe spacing here was B4 nm with a surface density estimate of
4.8� 1012 tetrahedral probes per cm2. The packing density of probes on the surface and its conformation are known to play a critical
role in the efficiency of target detection [88,89]. This control can be achieved by modifying the size of the tetrahedron, thereby
changing the lateral spacing and interactions of these tetrahedral nanostructures [90].

DNA nanoswitches have been used to detect specific nucleic acids. In one example, a two-state DNA nanoswitch changed from
its linear off state to a looped on state and the conformational change is readout using gel electrophoresis (Fig. 6(b)) [10]. Such
programmable switches with an easy read-out have the potential to detect nucleic acid markers that are of biological relevance and
will be useful for point-of-care diagnostics. Lateral flow nucleic acid biosensors [91] use isothermal strand-displacement poly-
merase reaction [92] and gold nanoparticles (AuNPs) to provide a visual read-out (Fig. 6(c)). This biosensor works based on a
conformational change of the DNA probe upon binding the target DNA strand and can be read-out as a color change that happens
due to aggregation of the AuNPs.



Fig. 5 DNA origami structures. (a) The method of DNA origami where a long single stranded scaffold is folded into a specific shape by short
complementary staple strands. Some examples of objects made using DNA origami: (b) 2D shapes created using DNA origami, (c) a 2D pattern of
flowers and a bird, (d) a snub cube, (e) a nanoscale bunny. (f) A cross-shaped DNA origami yield crystalline 2D DNA arrays. Images reproduced
with permission from the following references: Rothemund, P.W.K., 2006. Folding DNA to create nanoscale shapes and patterns, Nature 440,
297–302. Zhang, F., Jiang, S., Wu, S., et al., 2015. Complex wireframe DNA origami nanostructures with multi-arm junction vertices. Nat.
Nanotechnol. 10, 779–784. Benson, E., Mohammed, A., Gardell, J., et al., 2015. DNA rendering of polyhedral meshes at the nanoscale. Nature
523, 441–444, copyright 2006, 2015, 2015: NPG; Liu, W., Zhong, H., Wang, R., Seeman, N.C., 2011. Crystalline two-dimensional DNA-origami
arrays, Angew. Chem. Int. Ed. 50, 264–267, copyright 2011, WILEY-VCH.
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DNA origami-based sensors have also been developed for detecting nucleic acids [93]. In this device, single-stranded DNA
probes (complementary to the target nucleic acid) were inserted at precise positions on an origami tile. Hybridization of the target
strands to these probe tiles was detected using atomic force microscopy (AFM) based on the difference in elastic properties of
single-stranded probes (without target) and double-stranded DNA (probes bound to target). The larger dimensions of the origami
platform also allow control over the inter-probe distance.

DNA nanostructures have also been used for highly specific detection of single nucleotide polymorphisms (SNPs) [94,95]. One
such example based on conditionally fluorescent molecular probes [96]. The structure contained a double-stranded probe with
forked single-stranded overhangs, one containing a fluorophore and the other containing a quencher. Once the target strand binds
to the toehold, it initiates strand exchange and causes separation of the fluorophore from the quencher, thus increasing



Fig. 6 Strategies for nucleic acid sensing. (a) DNA tetrahedron-based electrochemical sensor. Target binding event is transduced to
electrochemical signal by the binding of an avidin-HRP conjugate to the biotin-tagged reporter probe. (b) Nanoswitch-based detection of target
DNA sequences. Target binding induces a conformational change from a linear to a looped state which can be read out using gel electrophoresis
(inset). (c) DNA complexes and its optical read-out based on a lateral flow biosensor. (d) A DNA origami-chip with toehold-mediated strand-
displacement reaction for SNP detection. Scale bar: 250 nm. (e) An illustration of the branch-migration-based mismatch detection technique read-
out using AFM. Scale bar: 50 nm. Images adapted with permission: Pei, H., Lu, N., Wen, Y., et al., 2010. A DNA Nanostructure‐based
biomolecular probe carrier platform for electrochemical biosensing. Adv Mater. 22, 4754–4758. Zhang, Z., Zeng, D., Ma, H., et al., 2010. A DNA‐
origami chip platform for label‐free SNP genotyping using toehold‐mediated strand displacement. Small 6, 1854–1858, copyright 2010, 2010:
Wiley-VCH; Chandrasekaran, A.R., Zavala, J., Halvorsen, K., 2016. Programmable DNA nanoswitches for detection of nucleic acid sequences. ACS
Sens. 1, 120–123. Subramanian, H.K.K., Chakraborty, B., Sha, R., Seeman, N.C., 2011. The label-free unambiguous detection and symbolic display
of single nucleotide polymorphisms on DNA origami. Nano Lett. 11, 910–913, copyright 2016, 2011: ACS; Lie, P., Liu, J., Fang, Z., Dun, B., Zeng,
L., 2012. A lateral flow biosensor for detection of nucleic acids with high sensitivity and selectivity. Chem. Commun. 48, 236–238, copyright
2012, RSC.

20 Nucleic Acid Nanotechnology

Author's personal copy
fluorescence. However, a target with even a single mismatch has a much lower binding affinity thus able to distinguish even single
nucleotide mismatches based on the signal. Tetrahedral DNA nanostructure-based electrochemical sensors have also been used for
SNP detection [84].

DNA origami platforms have also been used to provide a visual read-out of SNPs. For example, an asymmetric, map-shaped
DNA origami chip containing a line of protruding ssDNA capture probes was used for label-free SNP detection (Fig. 6(d)) [97].
Biotinylated, partially complementary reporter probes are bound on these capture probes and can recruit streptavidin that acts as a
marker for AFM analysis. Addition of a target that is perfectly complementary to the capture probe results in complete dis-
placement of the reporter probe. Thus, the streptavidin, seen as white bulges in AFM images is displaced from the origami in the
presence of a perfectly complementary target DNA but not in the presence of a sequence with even a single mismatch.

In another example, DNA origami platforms were used to produce a direct visual readout of the target nucleotide contained in
the probe sequence using an AFM (Fig. 6(e)) [98]. The origami platform contained graphical representations of A, T, G, and C, and
symbol containing the test nucleotide identity disappears in the presence of the target. This method was used to study SNPs. Visual
display of molecular events [99,100] bridges the biosensing platforms with macromolecular read-out strategies.
2.02.3.1.2 Biomarker detection
Detection of disease biomarkers with precision and specificity is one of the biggest challenges in clinical diagnostics [101].
Enhanced biomarker detection methods have gained considerable attention recently due to their potential applications in early
diagnosis of infections [102,103].

Dendrimer-like DNA have been used to create multicolor fluorescence-intensity encoded DNA barcodes (Fig. 7(a)) [104]. The
fluorescent signals were amplified using polystyrene microbeads. Hybridization of different targets to the DNA barcodes result in
specific colors, and can be identified using a preassigned decoding library. These nanobarcodes provided multiplexed identifi-
cation along with a rapid and sensitive detection of DNA from three pathogenic species: B. anthracis, Ebola, and SARS.



Fig. 7 Biomarker detection using DNA nanostructures. (a) Nanobarcodes for microbead-based DNA detection using fluorescence microscopy.
(b) DNA-nanostructure-based multibranched HCR (mHCR) reaction to detect cancer cells. (c) DNA tetrahedron-based probes for electrochemical
sensing of antibody immobilization. (d) DNA nanoswitch-based beacon for the detection of antibodies and proteins. Images adapted with
permission: Li, Y., Cu, Y.T.H., Luo, D., 2005. Multiplexed detection of pathogen DNA with DNA-based fluorescence nanobarcodes. Nature
Biotechnol. 23, 885–889, copyright 2005: NPG; Zhou, G., Lin, M., Song, P., et al., 2014. Multivalent capture and detection of cancer cells with
DNA nanostructured biosensors and multibranched hybridization chain reaction amplification. Anal. Chem. 86, 7843–7848, copyright 2014: ACS;
Pei, H., Wan, Y., Li, J., et al., 2011. Regenerable electrochemical immunological sensing at DNA nanostructure-decorated gold surfaces. Chem.
Commun. 47, 6254–6256, copyright 2011, RSC; Ranallo, S., Rossetti, M., Plaxco, K.W., Vallée-Bélisle, A., Ricci, F., 2015. A modular, DNA-based
beacon for single-step fluorescence detection of antibodies and other proteins. Angew. Chem. Int. Ed. 54, 13214–13218, copyright 2015,
Wiley-VCH.
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Electrochemical techniques have also been used for DNA detection [105–107]. Long-range self-assembled DNA constructs have
been used for detecting Human Immunodeficiency Virus (HIV) DNA [108]. Two auxiliary probes trigger a series of hybridizations
leading to long-range self-assembly of micrometer-long DNA nanostructures. One of these probes binds partly to the target DNA
(a 38-nucleotide sequence from the human immunodeficiency virus). Hexaammineruthenium (III) chloride (RuHex) then binds
to the negatively charged phosphate backbone of the DNA via electrostatic forces. The accumulation of RuHex to the electrode is
then read out as electrochemical output signals.

DNA nanostructured gold electrode surfaces combined with multibranched hybridization chain reaction (mHCR) products
provides a highly specific and sensitive method for cancer cell detection [109]. A DNA tetrahedron [84] was attached to the gold
electrode, with its probe conjugated to a biotin-labeled EpCAM aptamer (recognizes epithelial cell adhesion molecule on cancer
cells) (Fig. 7(b)). On incubation of cancer cells with L-aptamers and avidin-HRP, the cancer cells were captured by the capturing
probe. Sensitivity of this assay was improved using the mHCR reaction to produce lengthy products with many biotins to amplify
the signal and many branch points to create multivalent surface binding. This DNA biosensor could sensitively detect as few as
four cancer cells, thus making the strategy clinically relevant.
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The DNA tetrahedron biosensors were combined with DNA-bridged antibody immobilization to create a highly functional
immunological sensor (Fig. 7(c)) [110]. The tetrahedron contained a pendant “bridge DNA” on one vertex, and immobilized onto
a gold surface by its other three vertices. The bridge hybridized to a complementary strand that was conjugated to an antibody for
tumor necrosis factor alpha (TNF-alpha), creating an antibody anchored surface for tumor marker detection. Immunological
reactions occurring at the DNA tetrahedron-plated electrodes in the presence of TNF-alpha were read out as electrochemical signals
through avidin-HRP interaction.

A DNA-based switch was recently developed for the detection of various antibodies and proteins [111]. The switch was
composed of a stem-loop with two single stranded tails (Fig. 7(d)). The ends of the tails contain a target-specific recognition
element and the stem region contains a fluorophore/quencher pair. Without the target, the stem remains closed and the fluor-
escent signal is quenched. On target binding, the stem region is opened shifting the fluorophore away from the quencher thus
causing a signal based on Fluorescence Resonance Energy Transfer (FRET). This sensor was used to detect a HIV biomarker anti-p17
antibody as well as other antibodies and protein targets.

2.02.3.1.3 pH sensing
Regulation of pH in the human body is important to ensure proper protein folding [112,113], gas exchange [114], enzyme
function [115] and cellular apoptosis [116,117]. For these reasons, developing biosensors capable of detecting and responding to
pH changes have enormous implications for biomedical applications. In addition, pH dysregulation in cancer cells makes pH
sensors valuable in diagnostics as well [118].

One of the earliest pH responsive DNA constructs was a proton-fueled DNA motor that underwent a conformational change on
changing the solution pH between 4.5 and 9.0 [119]. The DNA motor was immobilized onto a gold surface through a 5' thiol
modification and its 3' end contained a fluorophore (Fig. 8(a)). In acidic conditions, the motor adopted a closed i-motif structure,
causing the distance between the termini to shorten, and the fluorophore to be quenched by the gold surface [120]. At basic
conditions, the i-motif opened and the motor binds to its complementary strand in solution, creating an elongated duplex, thereby
pushing the fluorophore away from the gold surface, and thus increasing the fluorescent signal.

A DNA nanomachine called the I-switch, based on an intramolecular i-motif, has been made to function as a pH sensor inside
living cells (Fig. 8(b)) [11]. The nanomachine changes from an open linear structure in physiological conditions (pH 7.3) to a
closed triangular structure in acidic conditions (pH 5.0). This conformational change can be measured using FRET between the
fluorescent dyes attached to the ends of the nanomachine. The switch functioned as an efficient pH sensor with a pH range of
5.5–6.8 and was used to map the spatial and temporal pH changes associated with endosome maturation in Drosophila
hemocytes.

Using a similar strategy, two distinct DNA nanomachines were used to map pH gradients along two different but intersecting
endocytic pathways (furin retrograde and transferrin receptor pathways) simultaneously inside the same cell [121]. The two
devices were programmed to have an appropriate pH response for the organelles encountered and contained a specific FRET pair to
allow concurrent measurements without interference or cross-talk between the sensors. The DNA nanomachines were able to map
simultaneously the spatiotemporal pH changes along the targeted pathways in distinct compartments and also in tandem within
the same compartment to detect pH dynamics. This pH-triggered I-switch was also used to map pH changes inside the nematode
Caenorhabditis elegans [122], where the spatiotemporal pH changes associated with endocytosis in wild type as well as mutant
worms were studied. This was the first demonstration of the independent functionality of a DNA nanomachine in vivo.

Graphene is a useful nanomaterial when used as graphene oxide (GO) as has the ability to adsorb ssDNA, quench the
fluorescence of a fluorophore, and serve as a molecular transporter of DNA into living cells while protecting the oligonucleotides
from enzymatic degradation [123–125]. A graphene-DNA construct used as a biosensor has a simple duplex with a 5-nucleotide
hinge and a fluorescently labeled ssDNA overhang containing a triplex forming oligonucleotide (TFO) [126]. At acidic pH, the
ssDNA overhang folds and binds to the duplex via Hoogsteen base pairing forming a triplex (Fig. 8(c)). At basic pH, the triplex
interaction becomes unstable and dissociates, thus reforming the partial duplex. In this state, the fluorophore of the ssDNA
domain is quenched upon adsorption onto the GO sheet due to FRET between rhodamine green and GO. At acidic pH, triplex
formation releases the TFO from the surface of the GO sheet and causes fluorescence recovery.

Triplex-based DNA nanoswitches have also been used as pH sensors (Fig. 8(d)) [127]. The switch contains a traditional WC
duplex with a 10-nucleotide overhang that forms a triplex via parallel Hoogsteen interactions [128]. Duplex to triplex transition
was monitored using a pH-insensitive fluorophore attached to the 5' end and a quencher internally positioned in the device. Cþ .
GC parallel triplets are destabilized at pH levels above 6.5 due to cytosine deprotonation, while T.AT triplets remain stable at
physiological pH and only begin to dissociate at pH above 10 due to thymine deprotonation [129,130]. Thus, the pH range of the
switch was modified by altering the relative content of Cþ .GC/T.AT triplets in the sequence. Switches with different T.AT triplet
content (50%, 80%, 100%) can be combined together to create a pH sensor exhibiting a pH window of B5.5 units. A similar
strategy can also be used to trigger other dynamic strand displacement reactions using the TFO as a sensing motif [131]. Such pH
sensitive nanostructures have potential use in triggered delivery of specific target molecules [132]. These strategies provide dual
functionality to biosensors: to both sense the target molecule and release the cargo in its presence.

Other pH responsive devices include a DNA origami based nanomechanical pH sensor [133]. The sensor was a DNA origami
‘plier’ that contained C-rich sequences (i-binders) on each lever of the plier (Fig. 8(e)). These sequences form intermolecular i-
motifs under acidic conditions, bringing the two levers together. This structural transition can be visualized using AFM. Another
example is a periodic DNA nanoribbon made using a modified DNA origami method [134]. This strategy employed rolling circle



Fig. 8 pH sensors. (a) An i-motif-based reversible DNA array. (b) I-switch for in vivo pH monitoring. (c) A graphene oxide-based pH sensor
involving DNA triplexes, (d) pH-triggered nanoswitches that form an intramolecular triplex structure, (e) DNA origami nanopliers that are open at
high pH and closed at low pH. (f) DNA nanoribbons made using an RCA scaffold strand and three 32-nt (top) or one 96-nt staple strand (bottom).
Carboxyfluorescein, a pH-sensitive dye attached to one of the staple strands is used to probe intracellular pH. Images adapted with permission: Liu,
D., Bruckbauer, A., Abell, C., et al., 2006. A reversible pH-driven DNA nanoswitch array. J. Am. Chem. Soc. 128, 2067–2071. Idili, A., Vallee-Belisle,
A., Ricci, F., 2014. Programmable pH-triggered DNA nanoswitches. J. Am. Chem. Soc. 136, 5836–5839. Chen, G., Liu, D., He, C., et al., 2015.
Enzymatic synthesis of periodic DNA nanoribbons for intracellular pH sensing and gene silencing. J. Am. Chem. Soc. 137, 3844–3851, copyright
2006, 2014, 2015: ACS; Modi, S., Swetha, M.G., Goswami, D., et al., 2009. A DNA nanomachine that maps spatial and temporal pH changes inside
living cells. Nat. Nanotechnol. 4, 325–330, copyright 2009: ACS; Li, X.M., Song, J., Cheng, T., Fu, P.Y., 2013. A duplex-triplex nucleic acid
nanomachine that probes pH changes inside living cells during apoptosis. Anal. Bioanal. Chem. 405, 5993–5999, copyright 2013, Springer; Kuzuya,
A., Watanabe, R., Yamanaka, Y., et al., 2014. Nanomechanical DNA origami pH sensors. Sensors 14, 19329–19335, open access.
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amplification (RCA) to reduce the number of staple strands necessary to 3 or less (Fig. 8(f)). DNA nanoribbons internalize
effectively internalized into cells due to their unique structure and integrity. DNA nanoribbons, with one of the staple strands
containing a fluorescein derivative dye, carboxyfluorescein (FAM), was used to map pH variations inside different regions of cells.
This DNA nanoribbon-FAM complex was able to exhibit desired intracellular pH response sensitivity in a crowded cellular milieu.
2.02.3.2 Drug Delivery

DNA nanostructures can be programmed to respond to external cues such as ligands, additional DNA strands, and pH, and are
thus useful for triggered release of encapsulated guests. The functionality of these DNA cages can also be switched. For example, the
surface porosity of a DNA tetrahedron could be reversibly changed by a capping motif via DNA hybridization and strand
displacement (Fig. 9(a)) [135].

In another example, the shape of DNA tetrahedra was changed from a closed state with a shorter edge (B6.8 nm) to an open
state with a longer edge (B10.2 nm) by adding specific “fuel” strands that are complementary to portions of the DNA tetrahedron
sequence (Fig. 9(b)) [136]. Furthermore, the process can be reversed by toe-hold-based displacement of the fuel strand by the
addition of a complementary anti-fuel strand. Another example of reconfigurable DNA carriers is a 3D prism [38] containing
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hairpins on the edges. The cavity size of the prism can be modified by addition of a strand that is complementary to the hairpin,
leading to the formation of longer double-stranded edges (Fig. 9(c)).

A DNA tetrahedron formed using 3-point-star motifs in which the sticky ends are stabilized by triplex formation is another
example [137]. In acidic pH, triplex formation holds the connection between the tiles forming the tetrahedron. In neutral pH,
triplex regions are unstable, resulting in weaker sticky ends, leading to the dissociation of the tetrahedron (Fig. 9(d)).

One other example is a DNA origami box in which the lid can be locked or opened using specific DNA strands (Fig. 9(e)) [138].
DNA polyhedra can be designed to deliver molecular payloads in response to specific signals. One such example is the controlled
opening of a DNA icosahedron loaded with fluorescent dextran in response to the addition of cyclic-di-GMP (cdGMP) [139]. The
DNA icosahedron is formed by assembling the top and bottom halves via sticky end cohesion. The top half of the cage contained
cdGMP aptamers that undergoes a conformational change on the addition of cdGMP, leading to dissociation of the icosahedron
(Fig. 9(f)). This structural change causes the release of the encapsulated fluorescent dextran.

Temperature can also be used to release encapsulated guests from DNA nanostructures, for example a truncated octahedron
that encapsulated horseradish peroxidase enzyme (Fig. 9(g)) [140,141]. One of the edges of the octahedron contained a hairpin-
forming sequence that opens or closes in response to temperature change. At lower temperatures (o221C), the hairpin sequence is
folded on itself causing the cage to be in the closed conformation with a smaller cavity size, preventing entry to the enzyme. At
371C, the hairpin unfolds into the open conformation of the cage allowing entry to the enzyme. This feature enabled the capture
or release of cargo at 371C, while retaining the cargo in the central cavity of the cage at lower temperatures. Moreover, the
entrapped enzyme retained its catalytic activity during the encapsulation/release process. DNA nanostructures have also been used
to encapsulate and release nanoparticles. For example, AuNPs encapsulated in DNA cages can be released by the addition of DNA
strands that are fully complementary to the DNA part of the DNA-AuNP conjugates (Fig. 9(h)) [142].

DNA nanocages have potential as smart delivery devices for molecular cargo in living systems [143]. For example, clam-shell-
like DNA origami nanorobots have been used to encapsulate antibody fragments (Fig. 9(i)) [144]. The nanostructure can be
opened or closed using aptamer-antigen interactions. The front end of the structure contains two DNA aptamers that can bind to
partially complementary strands holding the two halves of the nanorobot in a closed position. In the presence of the correct
antigen, the aptamer strand dissociates from the complementary strand and binds to the antigen causing the cage to open. Such
structures can also be targeted onto specific cells by tagging them with molecules that recognize cell-specific receptors.

DNA nanostructures also have potential in vaccine development due to control over particle size, shape, and epitope valency.
DNA tetrahedra have been used as a scaffold to assemble a model antigen (phycoerythrin-conjugated streptavidin) and an
adjuvant (CpG oligodeoxynucleotides) into a synthetic vaccine complex (Fig. 9(j)) [145]. The tetrahedron-conjugated vaccine
complexes induced a higher level of immune response compared to those of an unassembled mixture of streptavidin and CpG.
Assembly of multiple adjuvant elements on DNA nanostructures show increased immunostimulation in vitro [146,147] and
ex vivo [148]. Such DNA scaffolds will be useful in constructing antigen-adjuvant complexes that elicit a strong and specific
antibody response in vivo without inducing an undesirable response against the scaffold itself.

DNA tetrahedra have also been used to deliver unmethylated CpG motifs [147]. These structures induced immunostimulatory
effects and resulted in enhanced secretion of various pro-inflammatory cytokines. DNA nanostructures exhibit high efficacy, are
nontoxic, and are substantially intact within the cells for at least 48 h after transfection [149]. In addition, DNA nanostructures can
enter cultured mammalian cells effectively without the aid of a transfection reagent. DNA tetrahedra carrying small interfering
RNAs (siRNAs) have been used for gene silencing in tumors [150]. Each edge of the tetrahedron contained a single stranded
extension that is complementary to part of the siRNA strands thus allowing six siRNA strands to be bound to one tetrahedron. This
system was used for targeted delivery to cancer cells by conjugating cancer-targeting ligands (peptides and small molecules) to
induce gene silencing. siRNAs contained in DNA cages exhibited higher blood circulation time compared to just siRNAs. Similarly,
aptamer-conjugated DNA icosahedral structures have been used to carry doxorubicin for cancer treatment [151]. This system
Fig. 9 DNA nanostructures for drug delivery. (a) A DNA tetrahedron with controllable surface porosity. (b) A DNA tetrahedron with expandable edges.
(c) DNA prisms that can be changed from double to single stranded edges. (d) A smart DNA tetrahedron that dissociates on pH changes. (e) A DNA box
with a controllable lid. (f) A DNA icosahedron that can be triggered open by aptamer recognition leading to dextran release. (g) A temperature controlled
DNA octahedron that can capture enzymes. (h) A DNA tetrahedron for capturing and releasing nanoparticles. (i) DNA origami nanorobot with triggered
locks. (j) A DNA tetrahedron based vaccine complex with streptavidin and CpG oligonucleotides. All images adapted with permission: Aldaye, F.,
Sleiman, H.F., 2007. Modular access to structurally switchable 3D discrete DNA assemblies. J. Am. Chem. Soc. 129, 13376–13377. Zhang, C., Tian, C.,
Li, X., et al., 2012. Reversibly switching the surface porosity of a DNA tetrahedron. J. Am. Chem. Soc. 134, 11998–12001. Liu, Z., Li, Y., Tian, C., Mao,
C., 2013. A smart DNA tetrahedron that isothermally assembles or dissociates in response to the solution pH value changes. Biomacromolecules 14,
1711–1714. Juul, S., Iacovelli, F., Falconi, M., et al., 2013. Temperature-controlled encapsulation and release of an active enzyme in the cavity of a self-
assembled DNA nanocage. ACS Nano 7, 9724–9734. Zhang, C., Li, X., Tian, C., et al., 2014. DNA nanocages swallow gold nanoparticles (AuNPs) to form
AuNP@DNA cage core-shell structures. ACS Nano 8, 1130–1135. Liu, X., Xu, Y., Yu, T., et al., 2012. A DNA nanostructure platform for directed
assembly of synthetic vaccines. Nano Lett. 12, 4254–4259, copyright 2012, 2007, 2013, 2013, 2014, 2012: ACS; Goodman, R.P., Heilemann, M.,
Doose, S., et al., 2008. Reconfigurable, braced, three-dimensional DNA nanostructures. Nat. Nanotechnol. 3, 93–96. Andersen, E.S., Dong, M., Nielsen,
M.M., et al., 2009. Self-assembly of a nanoscale DNA box with a controllable lid. Nature 459, 73–75, copyright 2008, 2009: NPG; Banerjee, A., Bhatia, D.,
Saminathan, A., et al., 2013. Controlled release of encapsulated cargo from a DNA icosahedron using a chemical trigger. Angew. Chem. Int. Ed. 125,
6854–6857. Chandrasekaran, A.R., Anderson, N., Kizer, M., Halvorsen, K., Wang, X., 2016. Beyond the fold: Emerging biological applications of DNA
origami. Chembiochem. 17, 1081–1089, copyright 2013, 2016: Wiley-VCH; Douglas, S.M., Bachelet, I., Church, G.M., 2012. A logic-gated nanorobot for
targeted transport of molecular payloads. Science 335, 831–834. Copyright 2012: AAAS.
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showed efficient internalization of the drug-containing nanostructures while allowing controlled release based on
environmental pH.
2.02.3.3 DNA Scaffolds for Molecular and Structural Biophysics

The specificity of DNA nanostructures allows high precision position of other molecules on two- or three dimensional platforms
and other custom architectures. Placing molecules on DNA nanostructures at very high resolution also paves a way to do high-
resolution single molecule studies.

Hinged DNA origami structures have been used to position proteins (for example, nucleosomes) to study the forces
involved in biomolecular interactions (Fig. 10(a)) [152,153]. The angle between the two arms of the hinged device can be
controlled by adjuster helices placed between the arms, with increasing lengths of the adjuster helices resulting in higher
angles between the arms. The device was used to analyze the unwrapping of nucleosomes as a function of ionic strength
(Fig. 10(b)) [152]. The nucleosome particle was attached via single stranded DNA handles to the two arms of the hinged
device. The nucleosomes start to unwrap with increasing ionic strength and are released from the origami device. This release
is observed by the increase in angle between the arms of the device. This device has also been used to study distance-
dependent interactions between two nucleosome particles by attaching one nucleosome on each arm of the hinged device
[153]. The distance dependent interaction between nucleosomes was analyzed using electron microscopy image analysis and
FRET. Similarly, DNA nanocalipers have been used to study the wrapping of nucleosomes by DNA linkers of different
lengths (Fig. 10(c)) [154].
2.02.3.4 DNA Nanostructures for Structure Elucidation of Macromolecules

DNA-based liquid crystalline media are detergent-resistant and function at a range of pH, thus suitable to achieve transient weak
alignment of membrane proteins. Six-helix DNA-origami nanotubes have been used to align proteins for structure determination
using NMR (Fig. 11(a)) [155]. This 800-nm long DNA-origami tube was used to align and collect anisotropic residual dipolar
coupling data of a 40-kDa tetrameric BM2 channel protein reconstituted in detergent micelles and aided in solving the structure de
novo [155,156]. These DNA nanotubes have also been used to determine the structure of mitochondrial uncoupling protein
2 (UCP2), a membrane protein that facilitates the transport of small molecules across the mitochondrial inner membrane [157].

Trigonal 2D crystalline arrays made from four-arm junctions have been used to periodically arrange junction-binding proteins
such as RuvA (Fig. 11(b)) [158]. These lattices were used to arrange a 40-kDa guanine nucleotide binding protein Gai1, rat
neurotensin receptor type 1 (NTS1, a 43-kDa protein), and the signaling complexes of NTS1 with Gai1 in a 2D array [159].
Component DNA strands were modified to contain tris-nitrilotriacetic acid (tris-NTA) ends which attached to the N-terminal His-
tags on the proteins. The arrays acted as a 2D scaffold for cryo-electron microscopy (Cryo-EM) by providing dense non-over-
lapping arrays of protein molecules for structure determination. Such scaffolds are also useful to study aperiodic single-particles
using cryo-EM while allowing high-throughput data collection.

Structure of a 3D DNA origami object has been analyzed using cryo-EM, with an overall resolution of 11.5 Å, and resolution
ranging from 9.7 Å at the core to 14 Å at the periphery (Fig. 11(c)) [160]. Feasibility to study DNA origami structures using cryo-EM
led to the use of such constructs as molecular supports for structure elucidation of other biomolecules. For example, a hollow DNA
origami cage has been used as a molecular support to study the transcription factor p53 using cryo-EM (Fig. 11(d)) [161]. The
cavity of the DNA origami cage contains a single double helix with a specific sequence that the protein can bind to. By controlling
Fig. 10 DNA nanostructures for biophysical applications. (a) A hinged DNA origami structures with adjuster helices to control angle between the
hinges (J.J. Funke and H. Dietz, Placing molecules with bohr radius resolution using DNA origami. Nat. Nanotech. 2016, 11, 47–52.). (b) Hinged
DNA origami construct to study nucleosome unwrapping. (c) DNA nanocalipers used to study nucleosome stability. Images adapted with
permission: Funke, J.J., Dietz, H., 2016. Placing molecules with bohr radius resolution using DNA origami. Nat. Nanotechnol. 11, 47–52, copyright
2016: NPG; Funke, J.J., Ketterer, P., Lieleg, C., Korber, P., Dietz, H., 2016. Exploring nucleosome unwrapping using DNA origami. Nano Lett. 16,
7891–7898. Le, J.V., Luo, Y., Darcy, M.A., et al., 2016. Probing nucleosome stability with a DNA origami nanocaliper. ACS Nano 10, 7073–7084,
copyright 2016: ACS.



Fig. 11 DNA-based scaffolds for macromolecular structure determination. (A) DNA nanotubes for aligning proteins for NMR analysis (top) and
structure of a mitochondrial uncoupling protein solved using DNA nanotubes. (B) DNA junction based 2D arrays to host protein for cryo-EM
studies. (C) Cryo EM structure of a 3D DNA origami object. (D) A DNA origami-based molecular support for cryo-EM structure determination.
Images reproduced with permission: Bai, X.C., Martin, T.G., Scheres, S.H.W., Dietz, H., 2012. Cryo-EM structure of a 3D DNA-origami object. Proc.
Natl. Acad. Sci. USA 109, 20012–20017. Martin, T.G., Bharat, T.A.M., Joerger, A.C., et al., 2016. Design of a molecular support for cryo-EM
structure determination. Proc. Natl. Acad. Sci. USA 113, E7456–E7463, copyright 2012, 2016: NAS; Bellot, G., McClintock, M.A., Chou, J.J., Shih,
W.M., 2013. DNA nanotubes for NMR structure determination of membrane proteins. Nat. Protocols 8, 755–770. Berardi, M.J., Shih, W.M.,
Harrison, S.C., Chou, J.J., 2011. Mitochondrial uncoupling protein 2 structure determined by NMR molecular fragment searching. Nature 476,
109–113, copyright 2013, 2011: NPG; Selmi, D.N., Adamson, R.J., Attrill, H., et al., 2011. DNA-templated protein arrays for single-molecule
imaging. Nano Lett. 11, 657–660. Copyright 2011: ACS.

Nucleic Acid Nanotechnology 27

Author's personal copy
the position of this sequence in the cavity, the orientation of the protein can also be changed for analysis using cryo-EM. Such DNA
cages also protect the confined proteins from external harsh environments in EM studies.
2.02.3.5 DNA Nanostructures for Plasmonic/Photonic Materials

DNA-based assembly of nanoparticle systems find use in plasmonic applications [162,163]. For example, DNA origami nano-
flowers have been used to arrange gold nanoparticles (AuNPs) [164], triangular origami for size-selective placement of nano-
particles [165], tile-based 2D arrays for periodic arrangement of AuNP lattices [20], and DNA-linkers for cocrystallizing binary
mixtures of anisotropic nanoparticles [166].

DNA self-assembly allows control and three-dimensional arrangement of nanomaterials in complex geometries with nanoscale
precision and high fidelity much more easily when compared to conventional lithographic approaches [167–169]. Chiral
arrangements of AuNPs have been created using DNA origami nanotubes; the hybrid structures exhibited characteristic bisignate
signatures in the visible range (Fig. 12(a)) [170]. Chiral gold nanohelices have also been created by rolling 2D DNA origami sheets
functionalized with linear chains of gold nanoparticles into tubes (Fig. 12(b)) [171]. Similarly, a three-dimensional plasmonic
chiral AuNP tetramer has also been assembled using a 2D origami rectangle (Fig. 12(c)) [172]. Further, plasmonic systems created
using DNA origami can be controlled by toehold-based strand displacement resulting in reconfigurable architectures [173]. In this
case, the origami structure had two 14-helix bundles connected in the middle, each of which carries a gold nanorod. By intro-
ducing specific DNA strands, the arms of the bundles can be connected to create a right- or left-handed optical response (Fig. 12
(d)). Plasmonic walkers made of DNA and gold nanorods have been designed to take nanoscale steps on a DNA origami platform
(Fig. 12(e)) [174]. The plasmonic system undergoes a series of conformational changes as the walker takes progressive steps, giving
rise to spectral response changes. [175]. Moreover, in this system, the optical response can be tailored by modifying the number of
walkers and allows monitoring of nanoscale locomotion.

Assembly of nanoparticles into crystalline and open 3D frameworks have been achieved using DNA-based polyhedral frames
(Fig. 12(f)) [176,177]. Such DNA frames can be used to host nanoparticles [178] or gold nanorods [179] with various symmetries
and particle compositions that have different chiroptical activities. For example, DNA origami frames have been used to host
AuNPs to create toroidal metamolecules (Fig. 12(g)) [180]. DNA origami has been used as a template to create discrete anisotropic
AuNR dimer nanoarchitectures (Fig. 12(h)) [181] as well as AuNR helical superstructures (Fig. 12(i)) [182]. Such precise
arrangement of metal particles on DNA origami is a viable tool for the creation of surface-enhanced Raman scattering (SERS)-
active nanoparticle assemblies [183]. Dynamic platforms have also been created in which AuNP can perform a stepwise “roll” on
DNA origami, while another AuNP was used as a stator [184]. The inter-particle distance variation generated by the rolling of the



Fig. 12 DNA-based plasmonic nanostructures. (A) DNA origami bundles for chiral arrangement of AuNPs. (B) DNA origami sheets with AuNPs
rolled into chiral gold arrangements. (C) Chiral tetramers arranged on DNA origami sheets. (D) Reconfigurable DNA plasmonic nanorods hosted on
DNA origami device. (E) A nanoplasmonic walker on DNA origami. (F) DNA origami frames used to create nanoparticle clusters. Frame shapes are
shown on the left and the corresponding unit cells are shown on the right. (G) Plasmonic toroidal metamolecules assembled by DNA origami. (H)
Gold nanorods with tunable position on DNA origami template. (I) Gold nanorod helical superstructures with designed chirality arranged using
DNA origami. (J) DNA origami tripod for gold nanorods plasmonic structures. Images reproduced with permission: Kuzyk, A., Schreiber, R., Fan,
Z.Y., et al., 2012. DNA-based self-assembly of chiral plasmonic nanostructures with tailored optical response. Nature 483, 311–314. Kuzyk, A.,
Schreiber, R., Zhang, H., et al., 2014. Reconfigurable 3D plasmonic metamolecules. Nat. Mater. 13, 862–866. Tian, Y., Zhang, Y., Wang, T., et al.,
2016. Lattice engineering through nanoparticle–DNA frameworks. Nat. Mater. 15, 654–661, copyright 2012, 2014, 2016: NPG; Shen, X., Song, C.,
Wang, J., et al., 2012. Rolling up gold nanoparticle-dressed DNA origami into three-dimensional plasmonic chiral nanostructures. J. Am. Chem.
Soc. 134, 146–149. Shen, X., Asenjo-Garcia, A., Liu, Q., et al., 2013. Three-dimensional plasmonic chiral tetramers assembled by DNA origami.
Nano Lett. 13, 2128–2133. Zhou, C., Duan, X., Liu, N., 2015. A plasmonic nanorod that walks on DNA origami. Nat. Commun. 6, 8102. Urban, M.
J., Dutta, P.K., Wang, P., et al., 2016. Plasmonic toroidal metamolecules assembled by DNA origami. J. Am. Chem. Soc. 138, 5495–5498. Lan, X.,
Chen, Z., Dai, G., et al., 2013. Bifacial DNA origami-directed discrete, three-dimensional, anisotropic plasmonic nanoarchitectures with tailored
optical chirality. J. Am. Chem. Soc. 135, 11441–11444. Lan, X., Lu, X., Shen, C., et al., 2015. Au nanorod helical superstructures with designed
chirality. J. Am. Chem. Soc. 137, 457–462. Zhan, P., Dutta, P.K., Wang, P., et al., 2017. Reconfigurable three-dimensional gold nanorod
plasmonic nanostructures organized on DNA origami tripod. ACS Nano 11, 1172–1179, copyright 2012, 2013, 2015, 2016, 2013, 2015, 2017:
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AuNP can be monitored by SERS. This method could be used as an optical reporter to monitor inter-particle variations in
plasmonic nanostructures. Other examples include gold nanolenses created by connecting different-sized gold nanoparticles using
DNA origami [185]. Different geometrical arrangements of the nanoparticles on a triangular DNA origami shape resulted in
different field enhancement effects as measured by SERS. In another instance, DNA origami tripods have been used to align gold
nanorods thus controlling the resulting plasmonic resonance peak (Fig. 12(j)) [186].

ACS; Zhou, C., Duan, X., Liu, N., 2015. A plasmonic nanorod that walks on DNA origami. Nat. Commun. 6, 8102, open access.
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2.02.3.6 DNA Nanostructure-Based Bio-Imaging

DNA-based constructs have also been used in assembling fluorescent materials/molecules (for examples, quantum dots or
fluorophores) [187–190]. Some examples of DNA-based bioimaging structures are fluorescence nanoscale rulers [191], nanoarray
sensors [192], and molecular switches for probing the dynamics of sub-cellular structures and events [11,121]. DNA nanos-
tructures have also been used to create smart photonic and light harvesting devices by spatial positioning of quantum dots and
fluorophores [188,193–196].

Other examples include fluorescent barcodes created using a rigid DNA origami rod with multiple fluorescent tags [197] as well
as using DNA tile arrays [192]. Recently, fluorophores were densely packed on a DNA origami platform to create metafluorophores
that can be tuned to create a pallet of 124 virtual colors, and used in high throughput nucleic acid detection [198].

DNA-PAINT (Points Accumulation for Imaging in Nanoscale Topography) [199] is now a versatile imaging method [200]. In
this method, transient binding of imager DNA-strands (labeled with fluorophore) and the target complementary strand results in
stochastic blinking of fluorophores. This allows imaging cellular structures at molecular resolution with normal epi-fluorescence
microscopes – the bound states (on) give a fluoresce while the dissociated strands (off) do not. This method not only enables
super-resolved optical imaging of sub-cellular structures but also aids the optical characterization of DNA-based nanostructures
and assemblies. For example, DNA-PAINT has been used to characterize polyhedra assembled from DNA origami tripods [201], to
study the motor movements of dyenin and kinesin on DNA origami tubes [202] and to analyze a DNA origami tetrahedron in
solution in a microfluidic chamber [203]. Newer versions of this method such as quantitative-PAINT and exchange-PAINT have
been demonstrated using DNA origami structures [204–207].

DNA-based nanoscale rulers for super-resolution fluorescence microscopy have been demonstrated with a rectangular 2D DNA
origami labeled with two fluorophores separated by a distance below the diffraction limit [191]. This method was also used to
analyze various 3D DNA origami shapes where the fluorophores were placed within 5 nm next to each other and were still
resolved [208–210].
2.02.4 Conclusion

Several DNA-based nanostructures have been constructed for a variety of purposes. Self-assembled one-, two- and three-dimen-
sional lattices created from DNA can be used as scaffolds for organizing other molecules. DNA-protein hybrids combine the
structure-directing properties of DNA with the functionality of proteins such as molecular recognition, catalysis, energy conversion,
and membrane translocation. DNA arrays can be designed to contain different number of asymmetric units to place different guest
molecules at desired locations. Moreover, 3D crystalline lattices provide a framework to host other molecules for macromolecular
crystallization. In a biosensing context, DNA-based nanostructures allow simultaneous detection of multiple targets with high
sensitivity using a variety of amplification strategies. Future work on DNA-based chemical and biological sensors will especially aid
in characterization and development of these structures for in situ sensing. Recent advances in DNA nanostructures have shown
them as feasible drug delivery carriers with additional capabilities such as bioimaging and cellular tracking.

The advent of synthetic DNA oligonucleotides has fast-tracked the creation of these complexes. Advances in DNA origami has
made the construction of nanoscale objects easier and has widespread uses in biotechnology [211]. Recent developments in
reducing the cost of synthetic DNA [212] and creation of custom-made DNA origami scaffolds [213] provide routes to the creation
of large-ordered structures. Functionalization of DNA nanostructures for various purposes with a variety of ligands and chemical
groups can be achieved using appropriate attachment chemistries [214,215]. Present and future work in the field of DNA
nanotechnology will bridge the gap between nano- and the microscale.
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