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Molecular logic gates hold great potential for multi-param-
eter sensing, intelligent diagnostics, and molecular computa-
tion.''. DNA-based logic gates” and computation® are
particularly interesting because of their self-assembly and
the recognition ability of DNA. Several systems have been
demonstrated by exploiting these properties of DNA, such as
the trainable molecular-automation (MAYA) series,”) DNA
digital circuits solving square-root problems,”! and autono-
mous brain-like systems.!) Among many applications, in vivo
logic gates have proven particularly useful for therapeutic
applications." Tt is important to have intelligent drug-delivery
systems that are programmable to have a time-variable rate of
delivery or deliver drugs in response to environmental stimuli
at the site of injection.’! Hence, an ideal DNA logic-gate
system for medical purposes would have high cell perme-
ability, design generality, and robust stability in biological
fluids.

The emergence of DNA nanotechnology offers great
opportunities for such applications.”’] Turberfield and co-
workers and our group have shown that three-dimensional
(3D) DNA tetrahedral nanostructures'” can easily enter live
cells and release carried drugs."'! We thus predict that the
incorporation of DNA tetrahedra into DNA computing might
provide a generic platform for developing intelligent systems
that can function in vivo to simultaneously detect disease
markers and control cargo release to selectively kill cancer
cells. Toward this goal, we developed DNA tetrahedra that
show programmed configuration switching in response to
external stimuli. By adapting a series of DNA structures
(i-motif,™ anti-ATP aptamer (AAA),!® T-rich mercury-
specific oligonucleotide (MSO),""! and hairpin structures) to
DNA tetrahedra (Scheme 1), we constructed AND, OR,
XOR, and INH logic gates, as well as a half-adder operation.
In addition, we also demonstrated the use of DNA logic gates
for intracellular detection of ATP in living cells.

3D DNA nanostructure-based logic gates are constructed
by using a series of DNA tetrahedra that are responsive to
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Scheme 1. Scheme of DNA tetrahedra that are reconfigurable by
adapting dynamic sequences in one arm (i-motif, AAA, and MSO).
Green arrow = FRET signal.

various targets, given that such dynamic structures embedded
with hairpin loops are reconfigurable.') DNA tetrahedra
were assembled with four different DNA sequences using
a simple annealing method. Each edge of the tetrahedron
contains a nick site that is positioned in the middle of the edge
strands. By adding dynamic sequences (i-motif, AAA, and
MSO) into the complementary strand opposite the nick site
on one or two of the edges, the configuration of the
tetrahedron can change in response to the input of specific
targets (such as, protons, ATP, and mercury ions). Native
polyacrylamide gel electrophoresis (PAGE) analysis con-
firmed the assembly of these reconfigurable DNA tetrahedra
(see Supporting Information, Figure S3-8). These dynamic
sequences stay in a “floppy” ssDNA conformation in the
absence of their target molecule but change to a “rigid”
conformation after binding to the target, which turns the
tetrahedra from a relaxed (R-) state to a taut (T-) state. To
provide an output signal for such an R-to-T transition, we
attached a Forster resonance energy-transfer (FRET) pair (a
rhodamine green (RG) fluorophore and a DABCYL (D)
quencher) on either side of the nick site. Since FRET is
dependent on distance changes between the donor (fluoro-
phore) and acceptor (quencher), the target-induced config-
uration changes of the DNA tetrahedra are translated into
variation of the fluorescence intensity. Notably, the fluores-
cent quantum yield of RG is insensitive to pH variations in
the range of pH 4.0-9.0, which ensures that the fluorescence
change depends only on the conformational change of the
DNA tetrahedra.l'”

We initially designed an INH operation by using a recon-
figurable tetrahedron with one edge containing a dynamic i-
motif sequence (Figure 1a). In a solution pH 5.0, the cytosine
(C) bases in the i-motif sequence were protonated and folded
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Figure 1. Logic operations (INH, XOR, OR, and AND) using 3D DNA tetrahedra. a) INH logic gate using P-tetra
with H* and OH™ ions as inputs. b) XOR logic gate using PA-tetra with ATP and OH™ ions as inputs. c) OR logic
gate using PM-tetra with Hg?" and H™ ions as inputs. d) AND logic gate using H-tetra with two partially
complementary DNA strands (I1, 12) as inputs. The output of each operation is measured as a change in

fluorescence signal.

into the compact, rigid i-motif structure (T-state), which held
the D in close proximity to the RG and quenched the
fluorescence. When the pH value of the solution was raised to
8.0, the i-motif structure disassembled and stretched owing to
the tensile force in the DNA tetrahedron (R-state), which
separated D and RG and turned on the fluorescence. A
pH titration experiment revealed that the fluorescence of RG
was indeed strongly dependent on solution pH (Supporting
Information, Figure S1). We found an “S”-shaped titration
curve, with the sharpest transition in the range from pH 6.0-
7.0 and two plateaus beyond that range. The transition point
at pH 6.3 was consistent with a previously reported value
(pK,=6.3).11

The logic of an INH gate is that the output is “1” only
when one particular input is applied. Based on the above
results, this proton responsive tetrahedron (P-tetra) could be
used as an INH gate by using the addition of H" and OH™ ions
as the inputs, and the change in fluorescence as the output
(Figure 1a). P-tetra in a solution of pH 7.0 was set as the
initial state of this INH gate, where the tetrahedron is in the
R-state. The addition of either H* or OH™ ions (3 mM) was
defined as the “on” or “1” state, and the “off” or “0” state
corresponded to no addition of ions. The output was defined
based on the variation of the fluorescence intensity of RG,
with “1” for a variation greater than +20% (either increase
or decrease). When the appropriate amount of H" ions were
introduced to the system (input=1), the pH value of the
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When the both inputs

(H" and OH™ ions)

were set at either “1”
or “0” (input=1/1 or
0/0), the solution
pHvalue did not
change because of
acid-base neutralization and the tetrahedron remained in
the R-state (signal change =0% or 5%; output =0). There-
fore, the output was “1” only upon the addition of H* (input =
1/0), while it was “0” for all other inputs (0/0, 1/0, 1/1;
Figure 1a), corresponding to an INH gate.

XOR and OR gates were constructed using tetrahedra
with two edges containing dynamic sequences (Figure 1b,c).
An XOR gate means that the output is “1” only if one of the
inputs, but not both, is applied. We designed a tetrahedron
with two dynamic sequences (i-motif and AAA) incorporated
into opposite edges (PA-tetra, Figure 1¢). The RG and D
FRET pair was used in both dynamic sequences. The initial
state of the tetrahedron was set to a conformation with the
AAA-containing edge stretched (in the absence of ATP) and
the i-motif-containing edge contracted (pH 5.0). Additions of
either ATP or OH™ were defined as the “on” or “1” states of
the input, and the output definition was the same as that of the
INH gate. As shown in Figure 1b, the addition of 3 mm OH™
ions (input = 0/1) resulted in a change in pH value from 5.0 to
7.0, unfolded the i-motif structure, and increased the fluores-
cence intensity (signal variation=110%, output=1); intro-
duction of ATP molecules (1 mm, input=1/0) folded the
AAA into a rigid tertiary structure, leading to the contraction
of the AAA sequence and a decrease in the fluorescence
intensity (signal variation=58%, output=1). However,
when both OH™ ions and ATP were added to the system
(input = 1/1), the stretch of the i-motif sequence counteracted
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the contraction of the AAA sequence, resulting in minimal
net variation of the fluorescence intensity (signal variation =
7%, output =0). Therefore, it was possible to construct an
XOR gate with two dynamic sequences, with little interfer-
ence between one another. In an XOR operation with the PA-
tetra, the output was “1” when either ATP or OH™ ions were
added (input = 1/0 or 0/1), however when both ATP and OH"~
ions were added simultaneously (input=1/1), the output
became “0”.

A similar strategy was used to construct an OR gate from
a tetrahedron with two opposite edges containing a dynamic
proton-responsive i-motif and a mercury-responsive MSO
sequence (PM-tetra; Figure 1c¢). In the initial state of the PM-
tetra, both edges were stretched (pH 7.0 and no Hg*" ions).
Hence, the addition of either H* or Hg®" ions, or both
(input=1/0, 0/1 or 1/1), caused the folding of one or two
sequences and decreased the fluorescence intensity (output =
1). The output was “0” only when neither input was applied
(Figure 1c).

We also constructed an AND gate using a tetrahedron
with one edge containing a hairpin sequence (H-tetra,
Figure 1d). Initially, the complementary stem of the hairpin
held the structure in the T-state, then the cooperative
hybridization of two partially complementary strands of
DNA (I1 and I2) turned it into a stretched duplex. Notably,
I1 and I2 were designed such that either of them was only
partially complementary to the hairpin and could not open it
alone. Hence, like in a typical AND operation, the output was
“1” only when both I1 and I2 were added into the system
(input = 1/1), and it was “0” when only one of the I1/I2 strands
or neither was added (input =1/0, 0/1; Figure 1d).

It is noteworthy that the starting condition decides the
type of gate. For example, the XOR gate shown in Figure 1b
has a starting condition of compact-relaxed. We could, in
principle, turn it into an OR gate (shown in Figure 1C) by
using starting conditions of either relaxed-relaxed or com-
pact-compact. It is thus possible to use one tetrahedral
structure to realize multiple logic operations.

It is expected that the integration of these logic gates
could lead to more complex operations (e.g., molecular
circuits). To examine this idea, we constructed a DNA
tetrahedra-based molecular half-adder (HA) circuit by using
an XOR and an AND gate (Figure 2), which could perform
partial binary integer addition. The output from the XOR
gate corresponded to the sum bit for the addition, while the
output from the AND gate represented the carry bit. We
combined the XOR-input-1 (ATP) and the AND-input-1 (I1)
to form the HA-input-1, and similarly the XOR-input-2 (OH~
ions) and the AND-input-2 (I2) to afford the HA-input-2. We
expected to obtain distinct output signals when identical
inputs were applied to both gates. Indeed, when only one of
the HA inputs was added to the half-adder individually, we
observed high signal change (>20%, output =1) for the sum
bit, while low signal change (< 20 %, output =0) for the carry
bit, equaling the decimal number 1 (Figure 2). Alternatively,
when both HA inputs were added to the half-adder circuit,
the signal change was reversed (carry bit=1, sum bit=0),
equaling the decimal number 2. While such logic operations
with DNA tetrahedra are still simple and preliminary, we
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Figure 2. Scheme (top) and signal output (bottom) of a 3D DNA
tetrahedron-based molecular half-adder (HA) circuit with the combina-
tion of an XOR and an AND gate. The output from the XOR gate
corresponds to the sum bit for the addition, while the output from the
AND gate represents the carry bit. When only one HA input is present,
the output is “1” for the sum bit, while the carry bit is “0”. When both
HA inputs are present, the output is inverted, which forms the binary
half-adder arithmetic operation.

expect that much more complex logic computations can be
made using more elaborate DNA nanostructures created by
DNA origami technology.['”)

Besides their computation applications, these scaffolded
DNA tetrahedra provide a means to directly detect molecular
targets,'® a property that is useful for both in vitro and in vivo
diagnostics. As a proof-of-concept, we developed tetrahedra-
based biosensors!"! for a small molecule (ATP) and a metal
ion (Hg’"). The tetrahedron containing AAA on one edge
(A-tetra) sensitively responded to the presence of ATP. The
fluorescence variation showed a non-linear dependence on
ATP concentration in the range of 2—-600 pum, with a detection
limit of 2 um (Figure 3 a,b). Control experiments revealed that
analogue molecules of ATP, for example, cytidine triphos-
phate (CTP), guanosine triphosphate (GTP), and uridine
triphosphate (UTP), only led to weak responses, suggesting
the high selectivity of this tetrahedral biosensor (Figure 3c¢).
Similarly, a Hg*"-responsive DNA tetrahedron with one edge
containing the MSO sequence (M-tetra) was used to detect
Hg”" ions. M-tetra could sensitively detect mercury down to
20 nm Hg>" ions, and showed high discrimination against 11
different metal ions (all of 1 um; Figure 3 d—f).

Having established the signaling capability of the scaf-
folded DNA tetrahedra, we further investigated whether such
nanostructures could function in cells for intracellular detec-
tion. We designed a tetrahedral nanostructure that is respon-
sive to ATP in living cells (using HeLa cells as a model). The
A-tetra was modified with Cy3 (donor) and Cy5 (acceptor)
fluorophores at either termini of the nick site, instead of RG
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Figure 3. a) Fluorescent spectra of A-tetra upon addition of ATP (0, 2, 10, 20, 50, 100, 200, 300, 400, or 600 um). b) Calibration curve for various
concentrations of ATP. c) Selectivity of the A-tetra based ATP sensor over UTP, TTP, and CTP (all 1 mm). d) Fluorescent spectra of M-tetra upon
addition of Hg”" (0, 20, 40, 80, 100, 200, or 400 nm). e) Calibration curve for various concentrations of Hg”" ions. f) Selectivity of the M-tetra

based Hg”" sensor over different metal ions (all 1 pum). g) Detection of intracellular ATP in living cells using A-tetra (labeled with a Cy3 and Cy5

FRET pair). Scale bar=20 um.

and D labels, for imaging in live cells. As a control, an M-tetra
was prepared that was not responsive to the ATP concen-
tration. HeLa cells were incubated with the DNA tetrahedra,
and imaged using scanning confocal fluorescence microscopy.
Nuclear staining with DAPI (Figure 3g) and flow cytometry
(Supporting Information, Figure S10) studies showed that
these nanostructures predominantly remained in the cyto-
plasm. Cells treated with A-tetra showed much greater
intensity of Cy5 fluorescence (red) and lesser intensity of
Cy3 fluorescence (green) than those with the M-tetra (Fig-
ure 3g), indicating that intracellular ATP brought the two
dyes in A-tetra together, enabling efficient FRET from Cy3 to
Cy5. Such ATP-induced increase of Cy5 fluorescence and
decrease of Cy3 fluorescence was consistent with the in vitro
experiments in aqueous solution (Supporting Information,
Figure S2). Also importantly, these cellular imaging studies
clearly showed that DNA tetrahedra nanostructures were cell
permeable!! and could potentially function as logic gates
inside the cell.

In summary, we have constructed various scaffolded logic
gates (INH, XOR, AND, OR, and half-adder) by using
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a series of reconfigurable DNA tetrahedra nanostructures
containing dynamic sequences that are responsive to protons,
metal ions (Hg*"), small molecules (ATP), and complemen-
tary DNA strands. These 3D DNA nanostructure-based
computing components provide several unprecedented
advantages that make them a promising method for biosens-
ing and genetic control in vivo. First, these reconfigurable
DNA tetrahedra nanostructures can be rapidly and reliably
synthesized with high yields,"® providing a readily available
scaffold for the construction of molecular logic gates and
sensors. Second, the rigid, stable, tetrahedral architecture of
the nanostructures provides a uniform scaffold for the
incorporation of a wide range of dynamic sequences, and
the shape change of the DNA tetrahedron can be precisely
predicted.!™! Third, since these DNA tetrahedra-based com-
puting components are essentially of biological origin, it is
possible to apply these logic operations to in vivo sensing and
therapy.””! The high cell permeability and stability of DNA
tetrahedra nanostructures'"! and controllable shape of these
DNA cages offers a new opportunity to “logically” control
drug release in cells. Finally, by immobilizing these DNA
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tetrahedra on surfaces,'*! it could improve the function of
DNA motors for constructing complicated surface-based
smart devices,”!) owing to their rigid and stable architecture.
Given these advantages, we expect these 3D DNA tetrahedra
could become a highly generic and versatile structure for the
development of DNA nanotechnology and DNA computers
that function both in vitro and in vivo.
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