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The self-assembly of molecularly precise nanostructures is widely expected to
form the basis of future high-speed integrated circuits, but the technologies
suitable for such circuits are not well understood. In this work, DNA
self-assembly is used to create molecular logic circuits that can selectively
identify specific biomolecules in solution by encoding the optical response of
near-field coupled arrangements of chromophores. The resulting circuits can
detect label-free, femtomole quantities of multiple proteins, DNA oligomers,
and small fragments of RNA in solution via ensemble optical measurements.
This method, which is capable of creating multiple logic-gate–sensor pairs on
a 2  80  80-nm DNA grid, is a step toward more sophisticated nanoscale
logic circuits capable of interfacing computers with biological processes.

1. Introduction
The self-assembly of nanoscale logic circuits has great
potential as an economical and massively parallel method to
create computer systems, and will play an increasingly
important role in technology as the resolution and manufacturability of current microelectronics processes begin to reach
fundamental limits. In this context, DNA self-assembly has the
potential to expand the domain of conventional computer
systems to reach into environments and application domains
that are otherwise impractical, such as single-cell sensing or
monitoring of microenvironments.
The potential for new application domains is a driving factor
in the development of many molecular-scale computational
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devices.[1] Initial reports of molecular logic consist of switches
and basic Boolean logic gates,[1–4] with more recent developments demonstrating molecules or molecular ensembles capable
of implementing a variety of logic functions[5–7] in a range of
chemical environments, including cellular contexts.[8–10] Scaling
these devices to more complex systems is a challenge because
they often use incompatible chemical inputs and outputs or
multiple representations for binary signals. Optical switches,[11–13]
logic elements,[14,15] and waveguides[16,17] are promising
candidates for interfacing biology and computation, but the
interconnectivity of individual devices remains a challenge.[1]
Herein, we demonstrate a method of sensing that uses DNA
self-assembly to integrate and precisely organize collections of
chromophores into resonance energy transfer (RET) gates with
the ability to detect label-free biomolecules in small volumes at
the nanoscale. Results are presented which demonstrate that
such gates can be operated similarly to conventional logic and,
in an example application, can detect femtomole quantities of
analytes such as proteins and short nucleic acids. The method
can be combined with other fluorescence resonance energy
transfer (FRET)-based sensors[18–21] and is detectable by
ensemble optical measurements with a dual-excitation-beam
spectrofluorometer, thus enabling high-throughput assays,
unlike previously demonstrated surface-bound atomic force
microscopy (AFM)[22] and nanowire[23–27] detection methods.
Furthermore, the method enables input and output encoding,
which increases the number of sensors within a diffractionlimited spot orthogonal to what is possible with simple
wavelength-multiplexed sensing.
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2. Results and Discussion
2.1. Encoding the Optical Response
of Multiple Sensors
Hierarchical DNA self-assembly is
used to create nanoscale grids on which
chromophores can be precisely patterned.
Figure 1b and c shows AFM images of a
2  80  80 nm DNA grid assembled using
4  4 tile motifs.[28] Briefly, we assemble
Figure 2. a) Chromophores are attached to the 50 and 30 ends of shell strands with input (I)
each of 16 tiles independently and design chromophores on one tile and the output (O) on the neighboring tile. The inputs and the output
the DNA sticky-ends such that each tile will are separated by the five-base-pair inter tile sticky-end. b) Two gates are placed on the 16-tile grid
bind at only one position in a 4  4 grid structure to show proof-of-concept, but in principle this method can place 24 gates. c) Input and
(Supporting Information, Section 2.2). output encoding creates an abstract collection of distinct logic gates. d) Analytes bind to specific
Since each tile is formed independently, gates, which eliminate (or reduce) the output.
we can selectively functionalize the DNA
strands and after grid assembly form a precise chemical pattern. which an analyte binds will determine its ability to disrupt the
We use 5’-SH end functionalization to conjugate commercially gate, we expect different output for different analytes. As a
available chromophores at precise locations on the grid proof-of-concept we detect 26-nucleotide (nt) DNA, 5-nt
(Supporting Information, Section 2.1).
RNA, and streptavidin as representative biomolecules of
RET of grid-bound chromophores is used to create interest (e.g., miRNAs, metabolic proteins).
constrained pathways for excitons to transfer between donors
In principle, arbitrary numbers of input and output
and acceptors. The output is detected by observing a multi- chromophores can be chosen for triplets (gates) that respond
donor RET index, which changes due to the input excitation or in distinct spectral bands. However, in practice this number is
condition of the gate (e.g., by denaturation). In this work, restricted by the availability of real chromophores that are
we investigate chromophore ‘‘triplets’’ (i.e., two donors–one compatible in a biological setting and are also viable RET pairs.
acceptor) for logic and sensing behavior. The optical response Furthermore, spatial ‘‘encoding’’ can achieve larger numbers of
of a triplet can be tuned by changing donor–acceptor distinguishable triplets by lateral separation but is diffraction
separations on the DNA grid such that a specified number of limited without the aid of super-resolution techniques, which also
donor inputs (one or two) must be excited to generate a given place important additional restrictions on triplet composition.
level of acceptor fluorescence. Abstractly this is a Boolean
To increase the number of sensors that can be spectrally
AND gate, which requires the precise placement of chromo- resolved beyond the above limits, inputs and outputs must be
phores at distances comparable to the Förster radius, R0, of each encoded such that they share the same optical band yet are
pair. Since DNA nanostructures can organize chromophores at independently discernible. To achieve this, triplets are designed
resolutions comparable to the helical pitch (3.4 Å), a DNA grid such that: 1) input chromophores have globally unique
is well suited to this purpose.
excitation bands, and 2) output chromophores emit with
Sensing is demonstrated with two RET gates on a DNA grid distinct intensities. Although it is possible to also choose output
(Figure 2). Analyte receptors (e.g., complementary DNA, chromophores that emit at distinct wavelengths, we avoid this
locked nucleic acid (LNA), or biotin) are placed at intersections approach since it is constrained by the above limitations.
between tiles to disrupt each gate output through competitive
binding between the structural DNA sticky-ends and the
2.1.1. Encoding Inputs
analytes. The disruption of the gate is observable through a
change in fluorescence output and will depend on the extent to
Inputs are designed to enable wavelength-multiplexed
which the analyte can disrupt the gate. Since the specific site to addressing of each gate. Only when both input chromophores
are excited is an appreciable degree of RET
observed from the output. For example,
gate 1 in Figure 2b has inputs I1 and I2, which
must both be excited for appreciable RET to
the output chromophore (O). Since gate 2 in
Figure 2b has a different set of input
chromophores, it is weakly excited when
gate 1 is selected and vice versa.
The criterion for minimally distinguishable gate response is defined by considering
the output of two gates that have identical
input chromophores except for one. This
Figure 1. a) Tiles are assembledfrom nine DNA strands that presentunique sticky-ends on each represents the limiting case, analogous to a
Hamming distance of one in information
arm. b,c) AFM images of grid structures composed of 16 tiles. Scale bar: 60 nm.

844 www.small-journal.com

ß 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2010, 6, No. 7, 843–850

Multichromophore Response for Label-Free Detection

coding theory, and is the worst-case scenario for disambiguating the output from two distinct gates. Thus, to demonstrate
that the method can operate at this limit, we show single gate
selection between two gates that share one type of input
chromophore and have a distinct remaining input. (The
common input for both gates is Alexa Fluor 532. The unique
inputs are Pacific Orange for gate 1 and Oregon Green for
gate 2.)

2.1.2. Encoding Outputs
A method is introduced to design outputs, which enables
encoding of multiple gates in the same output spectral band.
This is achieved by designing each triplet output to emit at a
distinct intensity such that the combined intensity of all gates
uniquely identifies the logical result of each gate. For example,
gate 1 and gate 2 in Figure 2b use the same output chromophore
and the only distinguishing characteristic is the output intensity.
The intensities must be tuned to enable identification of all four
possible results for the two gates (00, 01, 10, 11).
The criterion for tuning output intensity is based on the
mathematical foundation of unique prime factorization of
integers. By choosing a logprime weight for each output
intensity, the superposition of responses is unique, as given by:
N 1
X

logðWi Þ

(1)

i¼0

where Wi is prime. The proof of this is straightforward by
analogy to the factorization of integers into primes and the
exponential relationship between logarithms and sums. Thus,
the sum of the logarithms of N distinct prime numbers is
unique. For example, if gate 1 is tuned based on log (2) and log
(3) (0 and 1, respectively) and gate 2 is tuned based on log (5)
and log (7) (0 and 1, respectively), the linear combination of
any two output values yields a unique value over the entire
space of binary outputs and uniquely identifies the value of
each gate output.
Tuning the intensity of each triplet output is accomplished
by changing the tether that links the output chromophore to the
5’ sticky-end on the DNA grid. We explore five different
tethers: ‘‘Std’’ (i.e., S6), S3, S9, S18, and ‘‘Neg’’ (which uses a
1-nt shorter shell strand). Each tether is a commercially
available thiol linker with spacers attached at either the 5’ or 3’
phosphate of a synthetic oligonucleotide. Chromophore
functionalization to the end of the tether is performed the
same as described previously. We make no assumptions about
the distance at which a given tether ‘‘holds’’ a chromophore,
since we have observed nontrivial association of chromophores
with nearby nucleic acids that cannot be explained by a simple
separation argument.
Encoding the optical response of multichromophore
triplets provides a multiplicative increase in the number of
unique sensors that can be resolved within a single diffractionlimited spot. The total number
  of unique sensors our system
n
could employ per spot is
 q, where n is the number of
k
available input chromophores, k is the number of inputs to each
gate, and q is the number of unique output tethers.
small 2010, 6, No. 7, 843–850

2.2. Simultaneous Detection of Label-Free Analytes
To implement logic we use wavelength-division multiplexing to selectively excite donors, which represent inputs to
our system. A donor input is excited by the absorption of a
photon and transfers this energy to a nearby acceptor. Upon
excitation by RET, the acceptor relaxes by spontaneous
emission of a photon with lower energy. The relative intensity
of acceptor fluorescence between two narrow bands serves as
the RET index (IRET), as derived in the Supporting
Information. IRET can be calculated from the observed
ensemble steady-state fluorescence at two wavelengths, and
can yield detailed information about time-averaged donor–
acceptor configurations (e.g., k2x;y and rx,y) by standard
nonlinear least-squares fitting. Later, we show how a change
in IRET (i.e., DIRET ¼ [IRET(final)–IRET(initial)]/IRET(initial))
is an output indicator for our logic gates and how such systems
can be multiplexed to detect distinct molecular species in
solution.
It was found that the DNA grid must be partially melted to
make the target site near the gate output labile to analyte. In the
presence of an analyte, and upon heating (37 8C) and annealing
back to low temperature (18 8C), we observed the change in
IRET using two 10-nm-wide spectral windows centered on
l1 ¼ 553 nm and l2 ¼ 589 nm for each gate’s output chromophore to conclusively identify any analytes present in the
solution (Figure 3). This RET index can be modified to use the
signal from the emission bands of both input chromophores
(i.e., donors) when there is no overlap between the donor
excitation and emission bands. This only holds for the tether
and dual-gate experiments described later, in which case an
additional IRET term is added to capture the band.
Since the DNA sticky-ends may displace the analyte upon
annealing, we choose either a receptor with very high affinity
(e.g., biotin for streptavidin), design the sticky-ends to be fully
complementary to the analyte (e.g., DNA), or use LNA which
can selectively enhance nucleic acid binding (e.g., for detecting
small RNA).
An analyte can be detected by this method if its dissociation
rate constant (KD) is comparable to or smaller, due to the
partial melting process, than the sticky-end dissociation rate
constant at room temperature. We approximate the cooperative sticky-end dissociation rate constant by:



DH1 þ DH2
1
1
KD ¼ exp

Tm1 þ Tm2 T
RT

(2)

where DH1, DH2, Tm1, and Tm2 are defined by the two 5-nt
sticky-ends holding the gate output chromophore near the
inputs and are estimated by the nearest-neighbor model[29]
(KD101). The actual dissociation rate constant must be
smaller than this, since we observe many intact grid structures
at room temperature; however, longer-range cooperative
interactions along the DNA helix are ignored in this
approximation.[30] In the case of DNA sensing, the 26-nt
analyte strands have two 5-nt regions at each end that are
complementary to the sticky-ends of either gate. Since the
sticky-ends have the same dissociation rate as the regions of
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analyte strand is complementary to only
one (LNA) sticky-end near the gate output.
Since RNA–LNA interactions are stronger
than
identical
LNA–DNA
interactions,[31,32] the 5-nt RNA analyte can
successfully displace the complementary
DNA sticky-end and thus be detected.
In the case of protein sensing, the
streptavidin–biotin
dissociation
rate
(KD1015)[33,34] is substantially smaller
than the DNA sticky-end dissociation rate
and easily detectable. To facilitate gateoutput disruption, we use three biotins
(attached to three shell strands; see the
Supporting Information) in the 8-nm3
vicinity of the chromophores. However,
the supporting AFM data (see Figure 4)
show that one or two proteins bind to any
single gate, which is most likely due to steric
occlusion by the 4-nm-wide streptavidin.
Control experiments indicate that noncompeting (i.e., noncomplementary) nucleic
acids (DNA or RNA) do not appreciably
change IRET. The change in IRET noticeable
in the control shown in Figure 3b is most
likely due to nonspecific structural rearrangement of shell strands during the annealing
step. Since this change is less than the change
observed when an analyte is present, it can
be baselined. Noncompeting proteins, such
as bovine serum albumin (BSA), show a
noticeable modulation but do not interfere
with the binary discrimination of any analyte
identity because it too changes IRET by a
small fraction. A likely explanation is that
nonspecific interactions between the hydrophobic regions of the chromophores, DNA,
and BSA change the helical conformation
Figure 3. Overview of the sensing process. DNA grids (1) with attached chromophores are
near the gate and thus modulate IRET.
added and an initial optical readout of all gates is performed (2). After adding the analytes (3),
the sample is heated (4) to 37 8C (12 min) and subsequently cooled back to 18 8C (30 min) using Furthermore, we found that nonspecific
two bathsand closed-looptemperaturefeedbackto ensure repeatability. A finaloptical readout fragmentary RNA (5-nt) does not appreciably modulate IRET at non-LNA sticky-end
is performed (5), the IRET values are calculated for each acquired spectrum, and the relative
variation from initial values is recorded (DIRET ). The RET index variation of gate 1 in a grid with the
sites.
two-gate configuration is shown in (a). Two samples are continuously monitored, one including
Since partially melting the grid can also
the target analyte (e.g., single-strand DNA) for gate 1 and one including a control strand. The IRET
lead to disruption of the AND gates, even
drops as the temperature increases, (2) to (4). After cooling, the control sample shows higher
without analyte, we first characterize this
IRET than the sample with target analyte present. Increasing the melting temperature to 55 8C
shows an irreversible drop in IRET, which suggests structural damage (b) (control data corrected disruption by monitoring IRET during the
for fluorescence level and temperature dependence: see the Supporting Information, Section melt and determining the post-melt structural yield of the grids by AFM. Yield
4.1). The same conclusion is supported by AFM analysis in (c), where the QSA metric shows a
small decrease in grid structure quality after the low-temperature melt and a large degradation
information is derived from AFM images of
after the high-temperature melt.
DNA lattice structures by counting the
number of square cavities in a given image
relative to the coverage of DNA and normalthe analyte that bind, non-Watson–Crick interaction between izing the result to an idealized case of perfectly formed structures
the middle of the analyte strand and the surrounding DNA (Supporting Information, Section 3). We call this metric the
is the likely cause of a reduced dissociation rate after the quality of self-assembly (QSA). We found that melting to 37 8C
partial melt. Thus, the analyte strand is detectable and we also does not appreciably disrupt the grid structure, and yields a 14%
show that the binding of the 5-nt end regions to the sticky-ends change in IRET upon reannealing and a 12% change in QSA,
is sequence specific. In the case of RNA sensing, the 5-nt while still making the analyte binding site accessible.
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Figure 4. AFMimage(1  1 mm2) ofdual-gate 4  4DNAgridswith bound
streptavidin (16 nM grid, 32 nM streptavidin, 1tris-acetate–EDTA (TAE)/
Mg2þ buffer).

Figure 5. Two-AND-gate response across DNA, RNA, and protein
analytes. Gate 1 is designed to be sensitive to analyte A (A1) and gate 2 to
analyteB (B2). ForDNAsensing,A, B,andthecontrol are26-nt DNAstrands
(Supporting Information, Section 2.3). For RNA sensing, B and the control
are 5-nt RNA strands (Supporting Information, Section 2.4) where gate 2 is
modified to include an LNA sticky-end. For protein sensing, B is
streptavidin and the control is BSA, where gate 2 is modified to include a
biotin unit next to each chromophore.

Figure 5 presents the response of the two-AND-gate system
while varying the analyte conditions and input excitations that
target each gate. The averages in Figure 5 are derived from the
change in DIRET across four identical experiments made from
the same stock of triplets. Due to strand rearrangement, we
observed a marked change in IRET from the variability in the
time–temperature profile used during the sensing process.
Thus, the error bars in Figure 5 are derived from the same
experiments and show the minimum and maximum change in
DIRET after uniformly removing one outlier (i.e., the
sample farthest from the average) from each data set to
eliminate the artifact of time–temperature profile variability.
small 2010, 6, No. 7, 843–850

Since the outlier removal process is blindly applied to the four
experimental runs (per analyte), it cannot introduce any bias.
Future work will investigate methods to reduce the required
number of replicate experiments (e.g., four in this case).
Horizontal lines are drawn to indicate the DIRET value that
serves as the binary decision threshold to determine the
presence of an analyte. The noise margin for both gates is about
2 (D1 and D2). This change in signal is sufficiently larger than
the background noise to make a 100% determination of each
analyte.
The noise margin around each decision threshold (D1 and
D2, respectively) is shown for comparison to the root-meansquare (RMS) noise for each gate (e1 and e2, respectively). For
DNA sensing there are two thresholds corresponding to each
gate’s sensing decision. For the RNA and protein experiments,
a single threshold is used since only one gate is selectively
targeted (gate 2). The DIRET threshold for all analytes is above
the noise floor and is reproducible.
We also characterized the sensitivity of the system to
various analyte concentrations, to determine the detection limit
and feasibility of using DIRET to deduce an activity factor and
the concentration of each analyte. Figure 6a shows the observed
change in IRET for gate 1 and gate 2 as a function of
concentration for the DNA analyte (26-nt) that targets gate 2.
In practice, the ratio of analyte to a fixed concentration of DNA
grid (4 nM) is varied to achieve different analyte concentrations.
We determined the limit of detection for our setup by finding
the analyte concentration at which we could no longer
distinguish between the two gate outputs. We found that with
a commercial charge-coupled device (CCD) spectrometer and
short exposures (2 min), the detection limit is approximately
4 nM at an analyte-to-grid ratio of 1:1. We estimate our
observation volume to be 25 mL by geometric arguments
(Supporting Information, Section 4.2), and thus can detect a
lower limit of 8 fM of DNA analyte. Single-photon detection
methods will further reduce this detection limit by enabling
few- and single-grid measurements. By using a minimum
concentration of grid, as limited by the sensitivity of the optical
setup, the concentration of analyte can be in excess and thus
maximize the binding activity and observed change in IRET.
Figure 6a shows that the change in IRET is monotonic in
concentration, which indicates, over the range of 4 to 240 nM,
that the gate output is useful for estimating analyte concentration. However, these data must be compared against a
calibrated sample and thus limit the usefulness of the approach
for ‘‘blind’’ concentration measurements without further study.
We also characterized the feasibility of using output tuning to
create unique pairs of gates that share an output chromophore.
The top panel in Figure 6b shows the output response (DIRET)
for each of the five tethers undergoing a sensing operation on a
single gate designed to detect a DNA analyte.
We demonstrate how distinct tethers can be used to encode
gate response by building a two-gate nanostructure as described
above, but with the modification that one gate uses the S18
tether and both share the same kind of input and output
chromophores (i.e., rhodamine red). In principle, the status of
each gate should be masked by the other if the output tethers
cannot uniquely encode the response of each gate to analytes.
Figure 6c shows the average DIRET for each gate under various
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This leads to an observable fluorescence
output rate (Fx0 )  per gate of
0
Fx ¼ Fx  fy þ Ex 1  fy . To account for
analyte-independent disruption of gates
during the melting process, we use a gate
recovery factor, fr, which quantifies the
fraction of undamaged gates that bind
analyte, in the fluorescence
rate

 equation
F 0 ¼ Fx  fy  fr þ Ex 1  fy  fr .
Figure 7 shows the fit between the
model and the data for pre- and postmelting of a sensor with two active gates
targeting two DNA analytes (Supporting
Information, Section 5). Since the functional yield must also be estimated in
addition to the structural yield, we do not
use the QSA or other AFM-derived yield
metrics because we have found that
commensurate binding between planar
DNA nanostructures and flat surfaces
artificially enhances the apparent yield.
To obtain the best fit possible between the
model and data, we first use data from two
idle gates to characterize the fabrication
yield of our system. The best fit for the
idle-gate data estimates that approximately 35% of possible pairs of logic
gates have formed correctly. This underscores the discrepancy induced by AFM
and accepted methods to estimate
yield,[35] which conclude that our gate
yield, based on structural yield, should
Figure 6. a) Sensitivity to various analyte concentrations. The observed change in IRET for gate 1
be closer to 47%.
and gate 2 is shown as a function of concentration for a DNA analyte (26-nt) that targets gate 2. The
To determine parameters such as the
ratio of analyte to a fixed concentration of DNA grid (4 nM) is varied to achieve different analyte
pre- and post-melt k2 and r for the active
concentrations (4–200 nM). With an unsophisticated, portable, commercial CCD spectrometer
and short exposures (2 min), the detection limit is approximately 4 nM at an analyte-to-grid ratio gate, we use the estimated circuit yield and
solve for the best fit to F0 allowing the gate
of 1:1. b) DIRET response as a function of tether. The top panel shows the observed change in IRET for
five output tethers across three experiments. The lower panels show how each tether contributes a
recovery factor ( fr), separations (rx,y), and
unique output signal when used with the standard (Std) tether by analytically combining the
orientations (kx,y2) to vary between anaaverages from the top panel. Each input condition (x axis) exercises a distinct combination of
lyte types (e.g., DNA, RNA, or protein)
tethers. c) Dual gate output response. The two gates have identical input and output spectra with
but each to remain fixed across similar
the exception that one uses the Std tether and the other uses the S18 tether. The data were
runs (e.g., N>3). The fitting results (see
collected from four experiments performed in triplicate.
Figure 7) support the hypothesis that
analyte binding disrupts gate outputs by
input conditions over three identical tests. The gate type in modulating k2 rather than r, since separation plays such a
this experiment permits the use of both donor emission bands limited role at short distances. Specific details for each fit can be
for the IRET calculation, unlike in the previous DNA/RNA/ found in the Supporting Information; Figure 7 presents the best
protein experiments, and the error bars are derived from the fit when donor–acceptor pair distances and orientation can vary
minimum and maximum samples. The response in Figure 5c pre- and post-melt (the summed least-squares residual (LSR) is
clearly shows that the input conditions can be detected from within 0.4% of the maximum data value). We note that to
an otherwise identical gate configuration by output tuning achieve the experimental DIRET of 0.25, the inferred
with a tether.
separations must be high (>5 nm) and the orientation factors
To understand more precisely how each gate output is similar to those for rigidly bound chromophores (<0.01). Since
disrupted by an analyte, nonlinear least-squares fitting of the the chromophores we use are hydrophobic and susceptible to
observed change in IRET is used to determine pre- and post-melt binding in the major groove of duplex DNA,[36–38] this suggests
RET parameters such as k2 and r. To do this, we model our that a change in donor–acceptor orientation (or a combination
system as a population of gates and free chromophores. A yield of distance and orientation) is the most likely cause of output
factor, fy, is the ratio of grid-bound to free chromophores and modulation because separation alone is unable to match the
represents the extent to which we have ideally formed circuits. observed DIRET.
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Thus, single-photon-counting techniques,
with an ability to detect attomoles of
chromophores, dilute gates where the
analyte is in excess, and a library of only
six distinct chromophores (i.e., five inputs
and one output) will enable sensing of over
24 analytes on a single 4  4 DNA grid.
After accounting for yield (35%)
and a diffraction-limited spot size of
approximately 700 nm2 (e.g., using 600-nm
fluorescent output) the overall sensor
density could be as high as 1013 m2 unique
analyte,s which currently exceeds the
density of next-generation sensor arrays
(e.g., gene chips with 500-nm-diameter
probe spots) by an order of magnitude.
More importantly, the approach we report
here is a step towards integrating more
complex RET logic onto nanoscale DNA
grids that can be seamlessly integrated into
biological assays.
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Figure 7. Fitting results. The best fit to F 0 is calculated by allowing the gate separations (rx,y) and
orientations (kx,y2) to vary. a) The analytical result for DNA sensing is shown against the equivalent
experimental results. b) The modulation is restricted to inputs-to-output orientations only and the
A1B2þCtrlþ configuration is calculated assuming varying orientation factors in the boundanalyte gate (x axis). c) The same scenario as in (b) but allowing only input–output separations to
vary. Each y axis is the calculated DIRET.

3. Conclusions
The methods described here demonstrate the feasibility of
sensing biomolecules with RET logic. The method takes
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greater degree of significance in any measured response.
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