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Abstract: DNA is a highly programmable biomolecule and
has been used to construct biological circuits for different
purposes. An important development of DNA circuits is to
process the information of receptors on cell membranes. In
this paper, we introduce an architecture to program localized
DNA-based biomolecular reaction networks on cancer cell mem-
branes. Based on our architecture, various types of reaction
networks have been experimentally demonstrated, from sim-
ple linear cascades to reaction networks of complex structures.
These localized DNA-based reaction networks can be used for
medical applications such as cancer cell detection. Compared
to prior work of DNA circuits for evaluating cell membrane re-
ceptors, the DNA circuits by our architecture have several major
advantages including simpler design, lower leak, lower cost, and
higher signal-to-background ratio.

DNA is a very promising biomolecule for constructing bio-
logical circuits for different aims.1–30 Particularly, DNA cir-
cuits can be used to evaluate the information of receptors
on cancer cell membranes for medical applications such as
cancer cell detection, and impressive work has been done on
this topic.4,6,8,9,27,30

However, most prior work has at least one of the following
drawbacks that should be improved: Firstly, the circuits are
not fully localized,9 which means that it cannot be guaran-
teed that the inputs to a circuit are from a single cell. This
can cause false-positive result for applications like cancer
detection in an environment with multiple cell types. Sec-
ondly, the basic reaction motif of the circuits is made from
two or several DNA strands.4,6,8,9,27 Compared with single-
stranded motifs such as DNA hairpin (stem-loop), motifs by
multiple DNA strands need more design and operation work,
and also are more prone to leak caused by imperfection in
stoichiometry, annealing and purification. Thirdly, a DNA
gate is permanently conjugated to an aptamer or antibody
that targets a designated cell membrane receptor,4,6,8,9,27,30

which makes it difficult and costly to reprogram a DNA gate
to target a different receptor. Therefore, there is a need to
develop new architectures to conquer such drawbacks.

In this paper, we introduce an architecture to program
DNA-based biomolecular reaction networks on cancer cell
membranes to conquer the drawbacks mentioned before.
Specifically, a reaction network by our architecture consists
of multiple nodes that can interact with each other. The
nodes of a network target designated cancer cell membrane

receptors using DNA aptamers, and are fully localized on
the membrane. If all targeted receptors exist on a can-
cer cell membrane, the circuit will be complete and able to
work (Figure 1). The basic reaction motif is based on DNA
hairpin which is a single-stranded structure, and then needs
much less design and operation work compared to multi-
strand structures. We have demonstrated both linear cas-
cade reactions and more complex reaction networks that can
perform sophisticated logic computation. A flexible address-
ing mechanism is used such that a node in our architecture
can be easily reprogrammed to target different cancer cell
membrane receptors. We have also demonstrated a proto-
type of cancer cell detection using a reaction network by our
architecture.

The nodes in a reaction network have a modular design as
shown in Figure 1 (a). Each node has a reaction module and
an addressing module. The reaction module is responsible
for cascade reactions, and the addressing module is respon-
sible for targeting a receptor using a DNA aptamer. A DNA
hairpin is used as the motif for the reaction module for sev-
eral reasons: Firstly, it is a single-stranded DNA structure,
which is much easier to design and engineer compared to
structures by multiple DNA strands. Secondly, it is more
resilient to leak caused by imperfect stoichiometry, purifica-
tion and annealing compared to structures by multiple DNA
strands. Thirdly, it is easy to cascade into complex reaction
networks.1 The reaction module and addressing module are
connected by DNA hybridization between two complemen-
tary domains. A node is made by simply mixing the two
modules by 1:1 concentration ratio. When it needs to reuse a
reaction module to target a different receptor, we just take a
new addressing module that has the corresponding aptamer,
and mix it with the prior reaction module. This property
of our architecture makes it easy and cheap to reprogram a
node to target different receptors.

For explaining how to build a reaction network from
nodes, an example of 2-layer linear cascade is shown in Fig-
ure 1 (b). There are two nodes in the network that target
different cell membrane receptors using different aptamers.
The initiator reacts with node A by DNA strand displace-
ment, and the output of node A reacts with node B. The
output of node B reacts with the reporter complex such that
the fluorophore is tethered to the cell membrane. The nodes
are mixed with cells first. The initiator and reporter com-
plex are added later after filtering out the free nodes in the
solution. Therefore, the reaction can happen only if both re-
ceptors present on the cell membrane. For the convenience
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output

Figure 1. A brief description of our architecture. (a)
A 2-layer linear cascade reaction network by our architec-
ture. There are two types of nodes in the network that are
indicated by two different colors. Each node has a reaction
module (a DNA hairpin (HP)) and an addressing module
(a single DNA strand containing a DNA aptamer), where
a DNA aptamer (the curved part) is a DNA sequence that
can be rationally designed31 and recognize a particular cell
membrane receptor which can range from small molecules to
proteins.32–35 The reaction module and addressing module
are connected by DNA hybridization between two comple-
mentary domains. Detailed domain design is available in
Supporting Information. Each node targets a designated
cancer cell membrane receptor via aptamer-receptor bind-
ing. 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. (b) DNA strand displace-
ment reactions in the 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 strategy. (c) Abstraction of the 2-layer linear cascade
in (b). In the abstraction, 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.

to describe reaction networks, we introduce an abstraction
(Figure 1 (c)) where a node is denoted by the name of its
aptamer. If the output of a node is the input of another
node, we put an arrow between two nodes.

To demonstrate our architecture, we first implemented 2-
layer and 3-layer linear cascades on CCRF-CEM and Ramos
cancer cell lines (Figure 2 (a), (b)). All linear cascades
worked well and gave strong fluorescence signal to the cells
(Figure 2 (c), (d)). We define signal-to-background ratio
(SBR) as the ratio between the geometric means of fluo-
rescence intensity of the labeled and unlabeled cell popu-
lations. We repeat such experiments for three times and
get the statistics of SBR in Figure 2 (e). Fluorescence in-

Figure 2. Linear cascades on CCRF-CEM and
Ramos. (a), (b) 2-layer and 3-layer linear cascades on
CCRF-CEM and Ramos. (c) Flow cytometry result of a sin-
gle repeat of testing 2-layer and 3-layer cascades on CCRF-
CEM. Using the 2-layer cascade to explain, the cell popula-
tion 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 (green population over red population) to
get a signal-to-background ratio (SBR). We repeat such ex-
periment for three times to get three SBRs and the statistics
in (e). 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. (d)
Flow cytometry result of a single repeat of testing 2-layer
and 3-layer cascades on Ramos. (e) Statistics of SBRs of
linear cascades and control experiments.

tensity of cells is characterized using flow cytometry. The
3-layer linear cascade on Ramos gives much smaller ratios
compared to the 2-layer cascade, and this may be because
the density of the receptor for aptamer TE13 is low, or the
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two receptors for aptamers TE13 and TD08 do not get close
to each other on the cell membrane and then the correspond-
ing nodes cannot interact efficiently.

Figure 3. A complex reaction network on CCRF-
CEM. (a) A reaction network of five nodes on CCRF-CEM
and the four paths to produce output. (b) Flow cytometry
result of testing the four paths. Statistics of SBRs are from
three repeats of each case.

Complex reaction networks beyond linear cascades can
also be implemented by our architecture. Figure 3 (a) shows
a reaction network on CCRF-CEM that has five nodes.
There are four possible linear paths from an initiator to the
output of the network. To demonstrate the reaction net-
work, we tested all four paths. The flow cytometry results
show that almost all paths give good SBRs (Figure 3 (b)).
From the result, we can see that the nodes for TE13 and
TE17 are the bottleneck. When neither is in the path (path
A), the average SBR is the highest. When one of them is in
the path (paths B and C), the average SBR is lower. When
both are in the path (path D), the average SBR is the low-
est. This may be because the receptors of TE13 and TE17
are at low density on CCRF-CEM.

The reaction networks by our architecture can perform
logic computation. For example, the network in Figure 4 (a)
can be used as a logic AND gate, where the network only
works on a cell membrane having the receptors for both ap-
tamers. We tested this network on four cell lines, and only
CCRF-CEM has both receptors. The flow cytometry result
shows that only the experiments on CCRF-CEM give large
SBRs (Figure 4 (b)). The small non-zero SBRs of other cell
lines may be due to random binding of reporter complexes on
cell membranes. Therefore, this network can be used to iden-
tify CCRF-CEM from other cell lines. The SBR difference

Figure 4. A linear cascade doing logic computation
to recognize CCRF-CEM. (a) A linear cascade that can
perform logic AND operation, and recognize CCRF-CEM
because only CCRF-CEM has the receptors for both ap-
tamers (indicated by solid nodes). (b) Flow cytometry re-
sult of testing the network in (a) on four cell lines. Statistics
of SBRs are from three repeats of each case.

between CCRF-CEM and other cell lines is larger than by
prior methods.8,9 Although HeLa has nonzero (but low) den-
sity of the receptor for aptamer Sgc4f,9 we did not observe
relatively high SBRs. This may be because the receptors for
aptamers Sgc4f and Sgc8c can hardly reach each other on
the membrane of HeLa. More complicated logic computa-
tion can also be done. For example, the reaction network
in Figure 3 (a) can evaluate the logic function (TC01 OR
TE17) AND (Sgc4f OR TE13) AND Sgc8c.

Control experiments were conducted on both CCRF-CEM
and Ramos. We mixed a cell population with reporter com-
plex without any reaction network, to see whether it made
a difference in SBR. The point here is to make sure that
the high fluorescence intensity of a cell population treated
by a reaction network in prior experiments is because of the
reaction network, not random binding of reporter complex
to a cell membrane. As shown in Figure 2 (e), a cell pop-
ulation mixed with only reporter complex does not have a
much different fluorescence intensity from a cell population
without any treatment, so the SBRs are small. Another con-
trol experiment we did was about the leak (reaction without
initiator) in the networks, where we mixed a cell population
with a network and reporter complex without any initiator,
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to see whether it made a difference in SBR. For the case of
CCRF-CEM, we added in all nodes in Figure 3 (a) to see the
maximum possible leak, where the 2-layer and 3-layer cas-
cades in Figure 2 were already included (in path A). For the
case of Ramos, we added in all nodes of the 3-layer cascade
in Figure 2 (b) to see the maximum possible leak, where the
2-layer cascade was part of it. As shown in Figure 2 (e), the
leak is minimal. These control experiments help to prove
that the reaction networks have worked as designed on cell
membranes to tag cells with the fluorophore.
Supporting Information
Materials and methods; detailed node design; flow cytome-
try data; DNA sequences; cell lines and corresponding ap-
tamers used; discussion.
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