
















having distinct PL spectra that can be converted into the two
independent peak emission ratios of Cy3.5/Cy3 and Cy5/Cy3
and a third peak ratio of Cy5/Cy3.5, which represents the
quotient of the other ratios, see tabulated data in Fig. 5A.

This level of spectral diversity suggests that this iteration
could be applied as a photonic keypad lock.30,32 Such locks are a
unique class of gate or logic that are only activated by a specic
sequence of photonic signals (inputs) or optical “passwords”. In
this case, a 3 input, 27 combination photonic keypad lock can
be created where a user could input 27 possible combinations of
input linkers and monitor/select for the correct 3 output emis-
sion ratios in the correct order. A statistically signicant
threshold value of 1.2 is used to distinguish peak emission ratio
values above the threshold as ON and those below as OFF. The
keypad lock is turned on when the three peak emission ratios
are ON and achieved in the correct input order. In this scenario,
the L1(9b)–L2(27b)–L3(9b) input sequence would be the only
input sequence that opens the lock, see boxed data in Fig. 5A.

Fig. 5B displays the outputs in a plot where the emission
ratios Cy3.5/Cy3 and Cy5/Cy3 are the ordinate and abscissa,
respectively, and the slope of each point represents the third
ratio. This plot can be used to highlight the underlying FRET
dynamics involved in each particular case by subdividing the
plane into sectors in which different FRET process(es) are
dominant. The alternative depiction in Fig. 5C is a ternary plot
in which a given point reveals the percentage of total output
arising from each dye. Both of these plots underscore the

spectral richness and the level of control afforded by the three
linkers in the 3-dye construct with most (though not all) of the
physically realizable PL space being accessible.

Three-input logic gates

The 3-arm, 3-linker DNA scaffold can also be operated as a logic
gate in both static and recongurable modes. With three linkers
involved, such gates have 8 (23) input conditions. See Fig. 6A for
a schematic of the switch and representative spectra collected
from the indicated L1(9b)–L2(9b)–L3(27b) conguration.
Within this same structure, we can realize an INHIBIT, Enabled
OR, or AND gate by monitoring a particular peak PL emission
ratio, viz., Cy3.5/Cy3 (Fig. 6B), Cy5/Cy3.5 (Fig. 6C), or Cy5/Cy3
(Fig. 6D), respectively, and setting the threshold appropriately
to ensure that it falls outside of the standard deviation of each
data point (ESI Table SIII†). The Enabled OR gate combines the
functions of an OR gate with Input1 (L1) and Input2 (L2) and an
AND gate for Input3 (L3). In other words, the output will only be
ON when either L1 or L2 is present together with L3.37,38 The
deconvolved spectra of this gate (Fig. 6A) show the distinct PL
obtained for each input combination where the inset numbers
refer to the presence/absence of the linkers, e.g., input (0,1,0)
means that L1(9b) linker is absent, L2(9b) is present, and
L3(27b) is absent. To convert to Boolean output, a threshold of
1.0 was assigned for all three gates creating, for example, the
solitary ON output for the INHIBIT gate (1,0,1) in Fig. 6B. The

Fig. 4 Switching of three-arm two input device. (A) Switch cycling with two linkers (inputs – 9 base length) using the rapid annealing and strand
displacement protocols to toggle between the different input/output configurations within the OR gate. (i) Shows a schematic of the switching
along with the spectra associated with each state. The composite spectra of each input state is shown (blue) along with the deconvolved spectra
for the Cy3 (orange), Cy3.5 (grey), and Cy5 (yellow) emission. (ii) Presents the OR circuit diagram, Cy3.5/Cy3 ratio values with a threshold of 0.6
and corresponding truth table. Values above the threshold are converted into the Boolean logic state of ON/1 while those below are OFF/0. (B(i))
Reconfiguration between the INHIBIT 1 gate and the OR gate shown schematically with the corresponding circuit diagrams below. Note this
schematic only shows switches in the (1,1) state. (ii) The Cy3.5/Cy3 ratios for each state measured is shown along with the corresponding
threshold plot for each gate. The orange bars are associated with the INHIBIT gate while the green bars are associated with the OR gate. The
output ratios and corresponding input states for each of the five switch steps are indicated as numbers in (B(ii)). The 00 condition (black) is taken
from the static formation and included as a reference. Error bars represent the standard deviation of at least n ¼ 3 experiments.
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uniform threshold, while not ideal for each gate individually,
demonstrates how the 3-arm, 3-linker DNA scaffold can be used
to create three distinct logic gates by monitoring 3 distinct peak
emission ratios while utilizing the same linker lengths – a logic
scenario that differs from our previous logic gates in which
different gates resulted from using different linkers.

We also demonstrate switching with this same scaffold by
reconguring from an Enabled OR gate that contains the
linkers L1(9b)–L2(9b)–L3(27b) to one in which L2 has 18 bases
yielding an INHIBIT gate, see schematic in Fig. 7A. Note, that
since only one length is changing during this switch, 4 of the 8
input congurations remain the same. The switching is effected
by rst using the L2(9b) complement for strand displacement
and then reassembling with the L2(18b) linker via rapid
annealing. To highlight the differences between the gates, the
Cy3.5/Cy3 PL ratio outputs of the initial Enabled OR formation
(1) and the switched INHIBIT formation (2) are shown together

in Fig. 7B. This is added to the individually formed data for the
permutations that do not change (black) to create the corre-
sponding individual peak PL ratio outputs, circuit diagrams
and truth tables for each gate (Fig. 7C). The Boolean data is
converted using the same threshold of 1.0 as used previously for
the individually formed states. In this switch scenario, we
clearly see how changing just a single linker length (L2) from 9
to 18 bases can dramatically reduce the output of the 110 and
111 condition states.

Discussion and conclusions

If molecular logic devices based on active DNA structures are to
become practical they must be standardized into a basic
design(s) with common parts and the exibility to accommo-
date a variety of different gates/logic states and congurations
that can be accessed in a facile manner for a given set of

Fig. 5 Characterization of three-dye spectral signatures. (A) Peak ratios of all 27 structural variations using the three 9-, 18-, and 27 base linker
lengths. Each variation is assigned an alphabetical descriptor. The matched colors of each letter and the linker size combination correspond to
the sector headings in plot (B). For each of the peak ratios listed, the numbers in red indicate an ON/1 state versus a designated threshold of 1.2.
The numbers in red that are outlined indicate the unique combination of 3 ON states present in a potential keypad logic system. (B) A plot of the
Cy3.5/Cy3 ratio versus the Cy5/Cy3 ratio. The ratio of Cy5/Cy3.5 is given as the slope of each point assuming it to be a vector with an intercept at
the origin (0,0). The boundaries of the six sectors or areas are defined by each of the ratios being equal to 1. The headings for each of the five
areas in which the data falls indicates which FRET pathway is dominant or not. (C) Alternative ternary plot of the spectral data showing the relative
contribution of each dye to the overall spectral area. For simplicity, peak heights are used in plots B and C. Error bars represent the standard
deviation of at least n ¼ 3 experiments.
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targeted applications. Here, we present an initial foray towards
this goal with a triangular, optically-active DNA nanostructure
involving three dyes (Cy3, Cy3.5, and Cy5) that have the requi-
site spectral overlap with one another and are able to engage in
efficient FRET. Our design modularity allowed a range of single-
stranded linker lengths (9, 18 and 27 bases) to be utilized to join
the dye-containing arms providing for 81 different congura-
tions that exhibited a wide range of FRET efficiencies and
spectral outputs. This originates directly from the control one
has over the underlying FRET efficiency between each of the
donor–acceptor dye pairs. The richness of this space allows a
variety of distinct molecular logic gates to be realized having
one-, two-, or three-inputs and distinct output channels (e.g.,
AND, INHIBIT and OR). While these gates are quite primitive

from the perspective of semiconductor-based logic or signal
processing, they do have much potential for complex multi-
input sensing, for example, allowing for the detection of all
three inputs simultaneously (AND) or the exclusion of one and
the presence of another (INHIBIT). The functionality of this
system is further exploited through the use of toehold-mediated
strand displacement and annealing. By removal of one set of
DNA linkers and rapid reintroduction of new linkers in a single
pot scenario, switching between different input states was
demonstrated. Furthermore, we could switch between two
entirely different gates. There are other simple logic gates that
should be easily attainable with this structure including vari-
ants such as 2 input, 3 output AND gates and similar variants.37

While our effort did not cover all possible permutations, these

Fig. 6 Three-input logic gates. (A) Schematic of the L1(9b)–L2(9b)–L3(27b) 3-dye structure representing a three input logic scheme where the
output is the ratio of one of the three deconvolved peaks heights with respect to another. Representative composite and deconvolved spectra for
each logic permutation in which the linkers represent the on/off input states are also shown. Composite spectra (blue) along with the
deconvolved spectra for the Cy3 (orange), Cy3.5 (grey), and Cy5 (yellow) emission are plotted for each. Peak PL ratio outputs with a threshold of 1,
circuit diagrams and truth tables corresponding to the individual (B) INHIBIT 2 (blue – Cy3/Cy3.5), (C) Enabled OR (orange – Cy5/Cy3.5) and (D)
AND (green – Cy5/Cy3) logic gates are shown in (B–D), respectively.
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illustrative cases demonstrate the potential of a relatively
simple DNA-based design to function in a sophisticated manner
and produce a variety of increasingly complex logic elements
within an optically driven system. We also realize that for
translation to actual devices, more rigid choices in threshold
standards may have to be implemented to account for the
challenges of a particular application environment.

Exploiting multiFRET processes in molecular logic devices
provides several inherent benets. Although not fully explored
here, a higher level of spectral complexity can be easily accessed
just by changing the excitation wavelengths and/or the peak PLs
monitored. Indeed, the latter strategy was demonstrated for
producing different gates with the same three-input structures.
One limitation of this system as implemented here is that there
is considerable direct excitation of Cy3.5 when exciting the Cy3
dye. We also realize that Cy3 / Cy3.5 / Cy5 is a viable
multistep FRET process and occurs here to some extent. The
presence and extent of this process could contribute to
enhancing the signal richness, however, for brevity we do not
deconvolve and process the data to this depth. We treat the
system as having three distinct one-step FRET processes rather
than four and account for direct excitation contributions
through spectral decomposition. In terms of increasing the
number of accessible channels, it is quite feasible to extend this
structure to incorporate another arm/dye. This could be easily

accommodated within the present design and would provide
access to a signicantly larger repertoire of spectral diversity.
Potential dyes that could be utilized include uorescein or Alexa
Fluor 488 in the role of an initial donor and Cy5.5 or Alexa Fluor
700 as terminal acceptors.35,39 These two dyes would provide
new optical channels and extend the dye emission over a larger
portion of the spectrum as opposed to “tting in” another dye
emission/channel within the currently monitored spectral
range. Increasing both the number of dye-labeled arms and
linker inputs by four or ve would also expand the available
diversity to a potential total of 256 (44) or 625 (54) different DNA
scaffold permutations, respectively, with the same number of
discrete length linkers. Increasing the number of linker length
options may concomitantly increase these estimated values
exponentially, although not all of these permutations would
manifest a unique spectral signature. On/off values could
potentially be altered by utilizing different dyes to provide
spectral overlap such that the magnitude of the ratio changes
become larger with structural rearrangements. For example,
replacing one of the current dyes such as Cy3 with Alexa Fluor
488 would provide potential access to other logic gates by
minimizing the direct excitation of downstream dyes and thus
increasing or otherwise altering threshold values.

Another exciting possibility is that of assembling such
devices on photonically-active nanoparticles such as quantum

Fig. 7 Three-input logic gate switching. (A) Schematic of switching between the logic states of EnabledOR L1(9b)–L2(9b)–L3(27b) and INHIBIT 1
L1(9b)–L2(18b)–L3(27b) with strand displacement and rapid annealing. This requires the addition of the L2 9 base complement and the L2 18 base
linker to switch from one structure to the other. (B) Peak Cy3.5/Cy3 PL ratio outputs for the initial Enabled OR structure 1 (blue) and the switched
INHIBIT 1 structure 2 (orange). (C) Individual peak PL ratio outputs with a threshold of 1, circuit diagrams and truth tables corresponding to the
indicated logic function. The bars in black designate permutation that are the same between the two structures.
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dots.31,32 Here the quantum dot would act as both a central
nanoplatform to coordinate the arrangement of multiple DNA
assemblies and as a potent initial FRET donor that can signif-
icantly minimize direct excitation contributions to the various
acceptors.35,40 The latter point would also help increase the
magnitude of on/off ratio changes. Incorporation of long-
lifetime metal chelate donors such as Tb into such congura-
tions also offers access to a unique time component which
could further augment device complexity.31,32,40,41 Advances in
active DNA structures along with available FRET materials and
techniques42 are going to provide numerous opportunities to
create sophisticated molecular logic nanoscale machines and
perhaps these may transition into congurations that see
practical application as smart light harvesters for powering
nanoscale machines, along with biosensors and theranostic
devices.43–52

Experimental
DNA

Oligonucleotides used in these experiments consisted of de novo
synthetic sequences which are listed in ESI Table SII.† These
were obtained from Integrated DNA Technologies (IDT, Coral-
ville, IA) or Biosynthesis (Lewisville, TX) internally labeled using
phosphoramidite chemistry andHPLC puried or, alternatively,
unlabeled and desalted.

Structure assembly

All structures as well as the individually-formed state congu-
rations were assembled at a nal concentration of 0.5 mM in 1�
Tris acetate EDTA (TAE) supplemented with 12.5 mM MgCl2.
Mixed oligos were then annealed in an Eppendorf Mastercycler
thermal cycler. Standard annealing conditions were 95 �C for 5
min with a 1 �C ramp down per minute until 4 �C was reached.
Isothermal toehold-mediated strand displacement was used to
remove a linker, i.e., switching to an OFF position (Fig. 2E, 4 and
7), was carried out by adding an equimolar quantity of the
complement to the linker that was to be removed. This reaction
was allowed to proceed at room temperature using gentle
agitation for 10 minutes. To reintroduce a linker in these
conguration, i.e., subsequently switching to an ON position, a
rapid annealing protocol was used in which the new strand was
added in the same equimolar concentration, and the sample
was placed on the thermal cycler. Samples were heated to 75 �C
for 1 min and ramped down 1 �C every 20 s until a nal
temperature of 4 �C is reached. The total time for this was about
�25min. The forward and reverse switch cycle is than a coupled
process consisting of an isothermal strand displacement fol-
lowed by a rapid annealing protocol for reintroduction of the
linker. Fluorescence is read at the end of each step.

Data collection and analysis

Spectral data was collected on a Tecan Innite M1000 dual
monochromator multifunction plate reader equipped with a
xenon ash lamp (Tecan, Research Triangle Park, NC) typically
using 515 nm excitation with data recorded over an emission

range of 530–800 nm. Raw spectra were then deconvolved to
produce the individual donor and sensitized acceptor compo-
nents and these were converted into peak ratios by dividing the
intensity of the acceptor by the donor for a given FRET pair
value at the prescribed output maximum for each dye used, see
ESI Table SI.† Unless otherwise indicated, ratios obtained were
Cy3.5/Cy3 and Cy5/Cy3. Using deconvolved peak areas returned
essentially the same ratios when selectively tested (data not
shown). All experiments were run in triplicate with averaged
data reported. Plots of these ratios were then used to select
thresholds to dene the logic levels for a particular gate with a
minimum 10% difference between the OFF and the ON levels.
In some data sets it was possible to obtain more than one gating
function depending on where the threshold was set or the
structure spectrally monitored. Excited-state uorescent life-
time data was collected and analyzed as described in ref. 53–55.
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