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The success of DNA nanotechnology 
comes from three key ingredients:

1) Our quantitative understanding of DNA 
thermodynamics, which makes it possible to 
predict reliably how single-stranded DNA 
molecules fold and interact with one another

2) The rapid falling cost and increasing quality 
of DNA synthesis

3) The focus on cell-free settings, where 
designed reaction pathways can proceed 
without interference from DNA and RNA 
processing enzymes and other confounding 
factors that might be encountered in cells
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Y. J. Chen, B. Groves, R. A. Muscat, G. Seelig, DNA nanotechnology from the test tube to the 
cell. Nature nanotechnology 10, 748-760 (2015).



DNA Nanotechnology from the 
Test tube to the Cell

Talk describes recent progress towards the goal 
of bringing DNA nanotechnology into the cell

Focus:
Nucleic acid nanodevices and nanostructures 
that are rationally designed, chemically 
synthesized and then delivered to mammalian 
cells.
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Y. J. Chen, B. Groves, R. A. Muscat, G. Seelig, DNA nanotechnology from the test tube to the 
cell. Nature nanotechnology 10, 748-760 (2015).



Application of DNA 
nanotechnology at the interface 

with biology

Smart therapeutics could 
combine structural elements 
with molecular logic to target 
therapeutic actions to a 
specific cell or tissue type, 
thus minimizing side effects. 
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Douglas, S. M., Bachelet, I. & Church, G. M. A logic-gated
nanorobot for targeted transport of molecular payloads. 
Science 335, 831–834 (2012)

a) Smart therapeutics

AND



Application of DNA 
nanotechnology at the interface 

with biology

DNA nanostructures can serve 
as programmable scaffolds for 
attaching drugs, targeting 
ligands and other 
modifications, such as lipid 
bilayers.
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Perrault, S. D. & Shih, W. M. Virus-inspired
membrane encapsulation of DNA nanostructures
to achieve in vivo stability. ACS Nano 8, 5132–5140 (2014)

b) Drug delivery



Application of DNA 
nanotechnology at the interface 

with biology

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 RNA.
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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)

c) Imaging



Application of DNA 
nanotechnology at the interface 

with biology

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 biology.
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Shaw, A. et al. Spatial control of membrane
receptor function using ligand nanocalipers. Nature Methods 
11, 841–846 (2014)

d) Cell biology



Cell Surface Computation
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In situ cell classification by evaluating specific surface markers:
[Rudchenko, M. et al. Autonomous molecular cascades for evaluation of cell surfaces. Nature 
Nanotech. 8, 580–586 (2013).]
- Cells are first coated with DNA-modified antibodies (DNA circuits; antibodies are shown as rectangles 
or ellipses, DNA strands as colored lines), and depending on the surface marker profiles of the cell 
type, either one or two gates can bind to cells.

- The subsequent introduction of an initiator strand (red) triggers a series of strand displacement 
reactions (fully complementary strands share the same colors). 

- A soluble reporter complex can fluorescently tag only cells labeled with two surface-bound gates
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Cell Surface Computation

Molecular robot for targeting a therapeutic action to specific cell types:
The schematic shows how a barrel-shaped nanorobot responds to specific antigens (keys) expressed 
on cells surfaces.
(Douglas, S. M., Bachelet, I. & Church, G. M. A logic-gated nanorobot for targeted transport of 
molecular payloads. Science 335, 831–834 (2012).)
The nanorobot is initially held in a closed configuration by two aptamer locks; only when it encounters 
a cell that displays two matching antigens can it be opened, thereby exposing a drug.
Bottom: Transmission electron microscopy images of the closed and open states of the nanorobots
(scale bars, 20 nm).

a) Smart therapeutics

AND



Programming DNA-Based Biomolecular 
Reaction Networks on Cancer Cell 

Membranes

§ Tianqi Song, Shalin Shah, Hieu Bui, Sudhanshu Garg, Abeer Eshra, Ming Yang, and John 
Reif, Programming DNA-Based Biomolecular Reaction Networks on Cancer Cell 
Membranes, Journal of the American Chemical Society (JACS), Vol. 141, No. 42, pp. 
16539-16543. (Oct 2019). https://doi.org/10.1021/jacs.9b05598
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A high-level description of our architecture:
(a) An example reaction network by our architecture. This is a 2-layer linear cascade reaction network, and there are two types of nodes in the 

network that are indicated by two different colors, where each node is a DNA hairpin connected with a DNA aptamer, where a DNA aptamer is 
a DNA strand that can be rationally designed and recognize a particular cell membrane receptor which can range from small molecules to 
proteins using a DNA aptamer via aptamer-receptor binding. 
• When operating the reaction network, we first mix the nodes with the cancer cells in a reaction buffer. If both targeted receptors exist on 

the membrane, both nodes will be localized on the membrane by aptamer-receptor binding. We then filter out the free nodes in the buffer 
to exclude potential non-localized reactions. 

• By introducing the initiator strands, the 2-layer linear cascade reaction is started. First, the initiator opens up the red hairpin by DNA strand 
displacement. 

• Then, the output strand from the red hairpin opens up the blue hairpin. The output strand from the blue hairpin can hybridize with a 
reporter DNA strand (conjugated with a fluorophore), such that the cancer cells are labeled by the fluorophore and can be recognized by 
flow cytometry. 

(b) Group ”S”: cancer cells labeled by fluorophore via a reaction network on the membrane: Group ”N”: cancer cells of the same type without 
fluorophore. Note that the density of each node on the cell membrane is determined by the density of the corresponding receptor, and the 
nodes can move on the cell membrane because of the mobility of the receptors. 

Programming 
DNA-Based 

Biomolecular 
Reaction 
Networks 

on Cancer 
Cell 

Membranes
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Abstraction of the 2-layer linear cascade. 
• We use the name of the aptamer of a node to denote the 

node. 
• An arrow to a node indicates its input and an arrow from a 

node indicates its output. 

Tianqi Song, Shalin Shah, Hieu Bui, Sudhanshu Garg, Abeer Eshra, Ming Yang, and John Reif, Programming DNA-Based Biomolecular Reaction Networks on Cancer 
Cell Membranes, Journal of the American Chemical Society (JACS), Vol. 141, No. 42, pp. 16539-16543. (Oct 2019). https://doi.org/10.1021/jacs.9b05598

Node design and an example of 2-layer linear cascade: 

Programming DNA-Based Biomolecular Reaction 
Networks on Cancer Cell Membranes

(a) Node design:
• A node has two modules: a 

reaction module (black) and an 
addressing module (red). 

• The two modules are connected 
by the DNA hybridization 
between A2 and A2∗, where A2∗
is the reverse complement of A2. 

• The addressing module has an 
aptamer for targeting a particular 
cell membrane receptor. 

• The initiator reacts with the 
reaction module (a DNA hairpin) 
to produce an output.

• The output has the same domain 
motif as the initiator, which 
makes it possible to cascade such 
nodes into reaction networks. 

(c) An example reaction network which is a 2-layer linear cascade. 
• The initiator starts the cascade reaction between node A and node B. 
• The output of node B reacts with the reporter complex to tag the cell by a fluorophore. 
• Note that reaction networks that are more complex than linear cascades can be built using the 

same logic. 
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Linear cascades on cancer cell lines CCRF-CEM and Ramos. 
(a) Flow cytometry result of a single repeat for testing 2-layer (top) and 3-layer (bottom) cascades on CCRF-CEM. Using the 2-layer cascade 

to explain, the cell population treated by the cascade has much stronger fluorescence intensity than the cell population without any 
treatment. We get the geometric means of fluorescence intensity for both populations, and calculate the ratio between the two
geometric means (blue population over red population) to get a signal-to-background ratio (SBR). We repeat such an experiment for 
three times to get three SBRs and get the statistics in (b) (left), and it is the same for all reaction networks demonstrated in this paper.
Note that the horizontal axis is fluorescence intensity (log-scale) and the vertical axis is cell count. 

(b)Statistics of SBRs for linear cascades on CCRF-CEM from three repeats for each case. The abstractions at the bottom indicate the targets of 
each cascade. 
(c) Flow cytometry result of a single repeat for testing 2-layer (top) and 3-layer (bottom) cascades on Ramos. 
(d) Statistics of SBRs for linear cascades on Ramos from three repeats of each case. 
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DNA Nanomachines and Gates inside Cells
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pH-sensitive DNA nanomachines for simultaneously probing the furin (Fu) and transferrin (Tf) pathways:
(Modi, S., Nizak, C., Surana, S., Halder, S. & Krishnan, Y. Two DNA nanomachines map pH changes 
along intersecting endocytic pathways inside the same cell. Nature Nanotech. 8, 459–467 (2013).)

Left: A transferrin-modified DNA nanomachine Tf–ITf is confined to the transferrin pathway. The 
nanomachine enters a sorting endosome (SE), then a recycling endosome (RE), and eventually returns 
to the membrane. 
The DNA nanomachine Fu–IFu targets the furin pathway: it enters the SE, then late endosome (LE), and 
eventually localizes in the trans-Golgi network (TGN). Nanomachine fluorescence is sensitive to pH, 
which varies between different endosomal compartments.
Right: pH-sensitive elements of DNA nanomachines: IFu (green strands, top) and DNA nanomachines Itf
(pink strands, bottom) form i-motif at low pH, which causes high FRET between the two fluorophores
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pH-sensitive DNA nanomachines for simultaneously probing the furin (Fu) and transferrin (Tf) pathways:
(Modi, S., Nizak, C., Surana, S., Halder, S. & Krishnan, Y. Two DNA nanomachines map pH changes 
along intersecting endocytic pathways inside the same cell. Nature Nanotech. 8, 459–467 (2013).)

A DNAzyme-based AND logic gate operates inside living cells:
Left: Synthesized inputs with the sequences of miR-21 and mir-125b are micro-injected together
with the logic AND gate.
Right: Reaction mechanism. Input B first binds to the hairpin (green segment), which is then
available to interact with input A to join the two components of the AND gate. 
The joined DNAzyme complex can then cleave the substrate, thus leading to high fluorescence by
separating a fluorophore (red dot) from a quencher (black dot).

DNA Nanomachines and Gates inside Cells



Complexity Break for Cellular DNA Nanodevices
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The complexity of cell-free DNA logic 
circuits and similar dynamic devices has 
increased by almost two orders of 
magnitude over the past decade.

In cellular settings, dynamic devices with 
only two or three independent operations 
have so far been demonstrated. This 
suggests that design principles for 
adapting dynamic DNA nanodevices to 
cells are yet to be uncovered.

• Each colored dot and number represent a specific reaction network and associated publication 
(reference number); trend lines are included to guide the eye.

• An operation is defined as a unique (sequence-specific) connection, such as a strand 
displacement reaction or DNAzyme cleavage event within a network.

• A circuit with n gates arranged in a cascade is considered to be equally complex as a circuit with 
n independent gates operating in parallel, even though the latter is probably easier to realize 
experimentally.

• Moreover, multi-turnover catalytic reactions are weighed equally against single-step reactions, 
which potentially underestimates the complexity of the former



Cellular half-lives of short, unmodified 
nucleic acids: minutes

Cell Lysates: mixtures of cellular components created 
from cells that have been homogenized, lacking a 
cell wall

Yan, et al test 12 hours DNA in cell lysates:
- Stable of DNA origami
- Long single- and double-stranded nucleic acids 

could not be recovered

Molecular crowding: The diffusion coefficient of 
synthetic DNA molecules in the cytoplasm is 5-100 
times smaller than in water, depending on the size of 
the molecule.
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DNA Topology Influences Molecular Machine 
Lifetime in Human Serum

Sara Goltry, Natalya Hallstrom, Tyler Clark, Wan Kuang, Jeunghoon Lee, Cheryl Jorcyk, William B. Knowlton, 
Bernard Yurke, William L. Hughes and Elton Graugnard, DNA topology influences molecular machine lifetime 
in human serum, Nanoscale, 2015, 7, 10382
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Sara Goltry, Natalya Hallstrom, Tyler Clark, Wan Kuang, 
Jeunghoon Lee, Cheryl Jorcyk, William B. Knowlton, Bernard 
Yurke, William L. Hughes and Elton Graugnard, DNA topology 
influences molecular machine lifetime in human serum, 
Nanoscale, 2015, 7, 10382

A nanomachine and linear 
probe schematics:
(a) Three-state DNA nanomachine 
transitions between Relaxed, Closed, 
and Open states with the addition of 
fuel strands, F1 and F2 and their corn-
plements, cF1 and cF2. In the Relaxed 
state, the distance between the aye 
and quencher conjugated to double-
stranded DNA segments Aland A2 is 
estimated to be —5 nm. 
(b) The two-state linear probe 
transitions between the Bright and 
Dark states upon hybridization of the 
dye- labeled probe strand, P, and the 
quencher-labeled strand, a Strand dis-
placement by ca releases P and 
restores fluorescence emission. The 
mechanical states are monitored by 
measuring the fluorescence emission 
from the devices. 



DNA Devices 
in 70% Human 
Serum at 37oC
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Sara Goltry, Natalya Hallstrom, Tyler Clark, Wan Kuang, 
Jeunghoon Lee, Cheryl Jorcyk, William B. Knowlton, Bernard 
Yurke, William L. Hughes and Elton Graugnard, DNA topology 
influences molecular machine lifetime in human serum, 
Nanoscale, 2015, 7, 10382



DNA Devices in Various Solutions 
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Operation of DNA Devices at 37oC
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Absorption Spectrum for Whole 
Human Blood
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DNA Terminal Modifications for 
Protection in Serum

24
Jeng-Pyng Shaw, Kenneth Kent, Jeff Bird, James Fishback and Brian Froehler , Modified deoxyoligonucleotides
stable to exonuclease degradation in serum, Nucleic Acids Research, Vol. 19, No. 4 747, 1991



Oligonucleotide
Stability 

Analyses
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Jeng-Pyng Shaw, Kenneth Kent, 
Jeff Bird, James Fishback and 
Brian Froehler , Modified 
deoxyoligonucleotides
stable to exonuclease 
degradation in serum, Nucleic 
Acids Research, Vol. 19, No. 4 
747, 1991



Oligonucleotide 
Degradation 
in Serum
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deoxyoligonucleotides
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Oligonucleotide 
Degradation 
in Serum
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Oligonucleotide 
Degradation 
in Serum
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Oligonucleotide 
Degradation 
in Serum
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Oligonucleotide Degradation in Serum
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Oligonucleotide 
Degradation 
in Serum
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