
Imaging in Cells via DNA Device Technology:

Topics:

• HCR FISH: Use HCR to Amplify Output

• mRNA Imaging in Cells

a. Ratiometric bimolecular beacons (RBMBs)
b. Multiply labeled tetravalent RNA imaging probes (MTRIPs)
c. Nanoflares
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structure of interest, and reliably results in a high yield of the target 
structure20. DNA origami relies on the use of a long single-stranded 
sca!old strand that is folded into a target structure through hybridi-
zation with a large number of short staple strands. "is technology 
was rapidly and broadly adopted, and was soon generalized to the 
self-assembly of three-dimensional (3D) structures21–24. DNA nano-
structures are beginning to be investigated as tools for drug delivery 
and similar applications because they provide precisely programm-
able sca!olds for the attachment of functional groups including 
drug and targeting moieties, and because 3D structures can be 
designed to act as protective enclosures for a cargo of interest.

Dynamic DNA nanotechnology. Dynamic DNA nanotechnology 
combines self-assembly through programmed hybridization with 
DNAzyme catalysis or DNA strand displacement reactions — a form 
of competitive hybridization — to create devices with moving parts 
and time-varying behaviours. Dynamic DNA nano technology can 
be traced to multiple sources, including Adleman’s work on DNA 
computation and research on the directed evolution and characteri-
zation of functional nucleic acids25. However, Yurke and co-workers 
truly launched the #eld by demonstrating that a functional molecu-
lar ‘motor’ could be rationally designed and driven through its work 
cycle using only hybridization and strand displacement reactions26. 
Subsequently, the Winfree and Pierce groups demonstrated that 
multiple strand displacement reactions could be chained together 
to create complex reaction cascades27,28. Owing to their simplicity, 
DNA strand displacement cascades have since been used widely and 
e!ectively for molecular engineering and provide the mechanism 
that drives most dynamic DNA devices.

Dynamic DNA nanotechnology has resulted in molecular 
motors29,30, including walking motors that autonomously move along 
a track31–34, molecular circuits that can analyse information encoded 
in complex mixtures of molecules27,35–39, and catalytic ampli#ers that 
can sense and amplify signals40–44. Many of these systems have obvi-
ous potential for biotechnological applications: for example, Shapiro 
and collaborators used DNA and a restriction enzyme to build a 
molecular automaton that could diagnose the state of a disease by 
detecting and analysing a set of molecular markers, thus realizing, in 
a test tube, a type of computation similar to those performed by gene 
regulatory networks6,45. Conversely, the analysis and manipulation of 
molecular information in and on living cells is the one area of appli-
cation in which molecular devices and structures can out perform 
their electromechanical counterparts.

DNA nanotechnology in lysates and fixed cells
Cellular conditions are signi#cantly di!erent from those used in 
cell-free experiments (Box 1): the presence of nucleic-acid-binding 
proteins, including DNases and RNases, may interfere with device 
performance. Moreover, cellular environments are highly structured, 
which inhibits the free di!usion of exogenously delivered nucleic 
acids. Cell lysates, serum and #xed cells provide reaction environ-
ments that each capture some of the complexity of live cells and ena-
ble testing and optimization of nucleic acid devices in comparably 
well-controlled conditions. 

Stability of DNA nanostructures in cell lysates and serum. 
Lysates are mixtures of cellular components created from cells 
that have been homogenized. Because lysates lack any kind of cell 
wall, nucleic acid devices can readily be placed into an environ-
ment imitating that found inside the cell, although the concentra-
tions and activities of the cellular components encountered by the 
DNA nano structure are usually di!erent. Yan, Meldrum and col-
laborators tested the stability of DNA origami in cell lysate and 
found that origamis could be extracted from the lysate and char-
acterized following up to 12 hours of incubation46. In contrast, long 
single- and double-stranded nucleic acids could not be recovered 

a%er incubation. Because detailed conditions for mixing the ori-
gami with cell lysate were not reported, it is di&cult to evaluate how 
closely the reaction bu!er approximated physiological conditions. 
Furthermore, because DNA nanostructures are typically assembled 
in bu!ers with high Mg2+ concentrations (~10 mM), the addition 
of large amounts of nanostructures could increase the Mg2+ level, 
thus making the structures seem more structurally robust than what 
might be expected in a cell. Still, such e!ects can be controlled, and 
lysates constitute a useful setting for exploring how nanodevices 
might fare in biological environments.

Moving nanostructures into cell culture and animals will 
require devices that are stable in the presence of serum and serum- 
supplemented media. Like lysates, serum contains nucleases and 
lacks stabilizing salts such as magnesium. Conway  et  al. showed 
that small three-stranded nanostructures in the shape of a triangu-
lar prism were more stable in serum than the individual compo-
nent strands47. A gel analysis showed that individual strands had a 
half-life of less than an hour in 10% fetal bovine serum, whereas 
the half-life of intact structures was closer to two hours. "e use 
of chemically modi#ed strands resulted in structures with half-lives 
even longer than 24 hours.

In a comprehensive analysis, Perrault and colleagues tested 
three di!erent 3D origamis in mammalian cell culture media sup-
plemented with serum, and showed that the structural integrity of 
origamis is strongly dependent on the origami design, the presence 
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Figure 1 | Applications of DNA nanotechnology at the interface with 
biology. a, Smart therapeutics could combine structural elements with 
molecular logic to target therapeutic actions to a specific cell or tissue 
type, thus minimizing side e!ects60. b, DNA nanostructures can serve as 
programmable sca!olds for attaching drugs, targeting ligands and other 
modifications, such as lipid bilayers78. c, A novel class of sensitive and 
specific imaging probes that takes advantage of DNA-based amplification 
mechanisms can be programmed to sequence-specifically interact with 
cellular RNA52. d, DNA origami and other structures provide precise control 
over the spatial organization of functional molecular groups, which makes 
them intriguing tools for quantitative measurements in cell biology66. Figure 
reproduced with permission from: a, ref. 60, AAAS; b, ref. 78, American 
Chemical Society; c, ref. 52, American Chemical Society; d, ref. 66, Nature 
Publishing Group.
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A	novel	class	of	sensiKve	and	
specific	imaging	probes	that	takes	
advantage	of	DNA-based	
amplificaKon	mechanisms	can	be	
programmed	to	sequence-
specifically	interact	with	cellular	
RNA.	(Choi,	H.	M.	T.,	Beck,	V.	A.	&	Pierce,	N.	
A.	Next-generaKon	in	situ	hybridizaKon	chain	
reacKon:	higher	gain,	lower	cost,	greater	
durability.	ACS	Nano	8,	4284–4294	(2014)).	
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Choi, H. M. T., Beck, V. A. & Pierce, N. A. Next-generation in situ hybridization chain reaction: higher gain, lower cost, greater durability. ACS Nano 8, 4284–4294 (2014).

Initiator strands I1 and I2 hybridize to a target mRNA, which 
triggers a polymerization reaction between the two 
fluorescently labeled hairpin monomers H1 and H2. As a 
result, the target mRNA is connected to multiple fluorophores 
and can be visualized using fluorescence microscopy. 

Confocal microscopy images at different z planes in a zebra fish 
embryo. HCR probes are used to identify four different mRNAs 
(red: Tg( k1:egfp); blue: tpm3; green: elevl3; yellow: ntla).

In situ imaging of mRNA in fixed cells: HCR FISH
Use HCR to Amplify Output



Detection of a Single-Nucleotide Variations Using DS
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In situ imaging of mRNA in fixed cells: HCR FISH
(Choi, H. M. T., Beck, V. A. & Pierce, N. A. Next-generation in situ hybridization chain reaction: higher gain, lower cost, greater durability. ACS Nano 8, 4284–
4294 (2014).)
Detection of a single-nucleotide variation using strand displacement probes: 
Left: Reaction mechanism. Mutant and wild-type probes compete for binding to a target mRNA. Because binding kinetics strongly depend 
on toehold sequence, each probe type primarily binds to the cognate mRNA. Co-localization of single-nucleotide variation detection 
probes with multiple mRNA-targeting guide probes further shows that the signal is indeed triggered to the mRNA.
Right: Fluorescnece micrographs of BRAF mRNA detected using ‘guide probes’ (image 1), wild-type probes (image 2) and mutant probes 
(image 2). Image 4 shows mRNA classified as wild type or mutant. SNV, single-nucleotide variation



mRNA Imaging in Cells: 
Ratiometric bimolecular beacons (RBMBs)

5Zhang, X., Song, Y., Shah, A. & Lekova, V. Quantitative assessment of bimolecular beacons as a tool for imaging single engineered RNA transcripts and 
measuring gene expression in living cells. Nucleic Acids Res. 41, e152 (2013)..

Binding to a target mRNA 
separates the reporter dye (red 
dot) from the quencher (black 
dot), which results in high 
fluorescence.:
• Multiple RBMBs can bind to the tandem repeat targets 

in the 3’UTR of a heterologous mRNA, thereby enabling 
visualization of a single transcript in living cells. 

• A reference dye (pink dot) is used to control cell-to-
cell variation in molecular beacon delivery. at also 
includes nuclear DAPI stain (blue).

Fluorescence images of HT1080 cells 
using RBMB and FISH probes for the 
same mRNA:

Fish probes RBMB reporter dye A merged image that 
also includes nuclear 
DAPI stain (blue).



mRNA Imaging in Cells:
Multiply labeled tetravalent RNA imaging probes (MTRIPs)

Santangelo, P. J. et al. Single molecule–sensitive probes for imaging RNA in live cells. Nature Methods 6, 347–349 (2009).

Deconvoluted confocal 
microscopy images of 
individual beta-actin mRNA 
in a A549 cell.

MTRIPs consist of multiple 
fluorophore labeled 
oligonucleotides attached to 
streptavidin (purple):
Multiple MTRIPs can be designed to hybrid to a 
target mRNA, making single mRNA visible in living 
cells..

MTRIPs Scrambled probes A merged image that includes 
nuclear DAPI stain. 6



mRNA Imaging in Cells: Nanoflares
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A Nanoflare contains long ‘capture strands’ 
and fluorophore-labeled ‘ flare strands’, 
which are initially quenched by the gold 
nanoparticle. Target mRNAs can bind to ‘capture strands’, 
displace the ‘ are strand’ and trigger an increase in fluorescence.
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1030 (2006).
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Prigodich, A. E. et al. Nanoflares for mRNA regulation and detection. ACS Nano 3, 2147–2152 (2009).
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Confocal fluorescence microscopy images of 
HeLa cells treated with either control Nanoflares 
(left) or Survivin (target mRNA) Nanoflares 
(right).

control Nanoflares Survivin (target mRNA) 
Nanoflares 


