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Abstract: We propose a method for implementing nanoscale optical logic circuits via
single-step Förster resonance energy transfer (FRET). Use of single-step FRET enabled
circuits with simple design and high expandability. Two kinds of FRET gates, a YES gate
and a NOT gate, were used to modulate fluorescence output signals based on light inputs.
Various logic circuits could be implemented by connecting FRET gates on a DNA struc-
ture. The experimental results demonstrated that FRET gates for two kinds of input lights
were constructed, and that logic circuits executing the AND and OR operations produced
fluorescence signals as outputs.

Index Terms: Förster resonance energy transfer, optical circuit, fluorescence, DNA self-
assembly.

1. Introduction
Förster resonance energy transfer (FRET) is a phenomenon describing energy transfer between
fluorophores in proximity. The transfer efficiency depends on the sixth power of the distance
between the fluorophores, and typically, FRET only occurs for the distance < 10 nm [1]. This
attribute is attractive as a tool in bioscience [2], and is particularly useful for sensing specific
molecules [3]–[8] and molecular-scale phenomena [9], [10].

Various compounds can be arranged with an interval in the order of 1 nm via self-assembly of
DNA strands [11]–[13] with appropriately designed sequences. The method allows for control of
the FRET mode by placing fluorophores at the desired positions. This approach offers a method
for information transfer at the nanoscale. For example, nanowires that transfer energy through
fluorophores on a DNA nanostructure have been developed [14]–[16]. FRET is also promising for
information technology applications. To date, nano-sized routers [17], [18], memories [19], [20], and
rulers for measuring the distance between substances [21]–[23] have been reported.

The combination of DNA nanotechnology with FRET is expected to be a promising way to
realize molecular-scale computing. Optical circuits implemented based on this concept with flu-
orophores [24]–[29] and quantum dots [30], [31] have been shown to work in wet environments,
and thus, they will provide new methods for cell measurement and control. In this kind of circuits,
information of light and/or DNA is processed. A good example for these circuits includes nanoscale
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Fig. 1. Scheme of (a) a YES gate and (b) a NOT gate. Light irradiation was used for the input and the
output was the donor fluorescence. Both the input and output could be represented by a binary value.
The output fluorescence was modulated by switching the acceptor state using input light or by adding
oxygen. The ON-state acceptors are colored by the wavelength of light that acts on each acceptor.

optical logic circuits. These circuits output a fluorescent signal for an input signal expressed by
light parameters or the presence of DNA [26], [28]. The FRET paths constructed in these circuits
are modified according to the inputs, and the output signals are generated as the result of a
previously set logic operation. By designing circuits where multiple FRET steps occur, two-input
one-output logic operations can be executed [29]. Logic circuits that deal with three or more inputs
have also been demonstrated [25]. However, the structures of multi-step-FRET circuits tend to be
complicated. This restricts the expandability of the circuits and the realization of more advanced
computing operations.

In this paper, we propose optical circuits based on single-step FRET assembly. Using this
strategy, the structure of the circuit can be simplified and therefore it affords high expandability. In
addition, energy dissipation because of consecutive FRET steps is avoidable. Two kinds of FRET
gates were used for implementing the circuits based on single-step FRET. Combining these gates
enables the implementation of a logical formula in the disjunctive normal form, and therefore various
logic operations can be executed. The properties of the fabricated FRET gates were investigated
and logic operations were then demonstrated to confirm the validity of the proposed method.

2. Scheme
The input of the proposed circuits is a set of binary light signals and the output is also a binary
fluorescent signal. The output is O = “0” when the output intensity is low and O = “1” when it is
high. The intensity is modulated by changing the FRET paths that are constructed, which depends
on the state of the fluorophores controlled by input light I. The input I is controlled by two lights
forming I = “1” and I = “0”.

A YES gate and a NOT gate were used as primary components to implement various logic
circuits. The scheme of the gates is shown in Fig. 1. The YES gate and the NOT gate detect
one input and produce one output. The output fluorescence intensity is modulated in response to
the input light. These two gates are referred to as FRET gates in this paper. Previous methods
proposed using fluorescence from an acceptor as the output [24]–[29]. If the result of a circuit is
obtained from an acceptor, the number of FRET steps must be the same as the number of inputs
for constructing an AND circuit. In contrast, this work used the fluorescence from a donor as the
output signal of the FRET gates, which enabled the construction of circuits using single-step FRET.
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Fig. 2. Examples of implementing AND and OR circuits. D donor, A acceptor, C activator, O output.
Hollow arrows represent FRET. The left part is a logic circuit that executes an AND operation L1, and
the right part executes an AND operation L2. Using these two circuits simultaneously, an OR circuit that
executes L1 ∨ L2 could be implemented (inside of the black frame).

The YES gate was composed of a FRET pair of two fluorophores, a donor (D) and an acceptor
(A) which is an optically switchable fluorophore. As shown in Fig. 1(a), the FRET path of the YES
gate is a single step. The input light for I = “1” of the YES gate acts on the acceptor, switching it from
the ON state to the OFF state. Then, the FRET efficiency from the donor to the acceptor decreases,
and the output intensity from the donor increases. The output fluorescence intensity produced from
the YES gate increases when I is switched from “0” to “1”. The acceptor is returned to the ON state
by irradiation for I = “0” or by adding oxygen. Then, the YES gate state returns to “0”.

In contrast, the output fluorescence intensity from the NOT gate decreases when I is switched
from “0” into “1”. The NOT gate is composed of three fluorophores, a donor, an acceptor and an
activator (C), as shown in Fig. 1(b). The NOT gate also had a single-step FRET path. The activator
was placed near the acceptor. The acceptor was in the OFF state when I = “0”. The input light of
I = “1” of the NOT gate operates on the activator. If the activator is optically excited, it turns the
acceptor from the OFF state to the ON state [32]. As a result, a FRET path from the donor to the
acceptor is formed, and the donor output intensity decreases. The acceptor state returns to the
OFF state on irradiation. This causes the state of the NOT gate to subsequently return to “0”. The
ON and OFF states depend on the quantum state of the acceptor, the singlet or the triplet state,
and the existence of the thior group in the fluorophore polymethine structure [33], [34]. Oxygen
and the activator change the quantum state and the existence of the thior group. The activator is
necessary for switching the OFF-state acceptor to the ON state by the same light for I = “1” as the
YES gate. The activator of the NOT gate can also work as an acceptor. However, only single-step
FRET is necessary for obtaining the output even if there are two acceptors in a NOT gate.

The fluorophores of the FRET gates were placed on a DNA structure. Nanoscale optical logic
circuits were constructed by connecting the FRET gates via DNA self-assembly. Fig. 2 shows
examples of the AND and OR circuits. An AND circuit could be implemented by connecting the
FRET gates by sharing a single donor. An OR circuit could be implemented by simultaneously using
different kinds of FRET gates and/or AND circuits. The output of L1 ∨ L2 is the sum of fluorescence
intensities from the donors of L1 and L2. Various logic operations in the disjunctive normal form can
be implemented by proper simultaneous utilization of YES gates and/or NOT gates. The number
of input variables can be increased by using FRET gates with different input light wavelengths.
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Fig. 3. The optical system of experiments. This figure describes two optical setups, for a 30-μL sample
and for a 10-μL sample. L1 is a concave lens (the focal length is 80 mm). L2 is an objective lens (the
magnification is 10). L3 and L4 are convex lenses (with focal lengths of 40 mm and 160 mm), which
form a beam expander. L5 is a convex lens with a focal length of 120 mm (when the sample volume is
30 μL) or 150 mm (10 μL). L6 is blank (30 μL) or a convex lens (for 10 μL, the focal length is 260 mm).
L7 is an objective lens (for 30 μL, the magnification is 4) or a convex lens (for 10 μL, the focal length is
450 mm). L8 is blank (30 μL) or a convex lens (for 10 μL, the focal length is 350 mm). BPF band pass
filter, DM dichroic mirror, ND neutral density filter.

The number of output variables can also be increased by using circuits that have different donor
fluorophores. Furthermore logic gates can be connected sequentially when the emission peak
wavelength of the donor of the former gate and the absorption peak wavelength of the acceptor
(YES gate) or the activator (NOT gate) of the latter gate are similar. The limitation that the count of
connection steps is limited due to the difference between input and output wavelength is common
in FRET-based circuits. However, because our method uses a fluorescence signal from the donor
as output, the limitation is alleviated comparing to logic circuits using multi-step FRET, which uses
an acceptor as output.

3. Optical Setup
The optical setup is shown in Fig. 3. The used optical system depended on the volume of the
sample. Fig. 3 combines two cases. The lenses used were chosen according to the volume of the
sample to adjust the laser diameter to the surface area of the samples.

Five laser sources were used to modulate and measure the state of the gates or circuits. The
sample was placed in a glass stick cell. Then the fluorescence spectra from the sample were
measured using a spectrometer (BTC112E, B& W Tek, Inc.,). The beams from the laser sources
were combined to share the optical axis using a mirror, dichroic mirrors, and a band pass filter.
Following this, the sample was irradiated with the laser sources. The fluorescence emission from
the sample was collected by the detector (attached with the spectrometer) set close to the sample,
and sent to the spectrometer through the optical fiber. Laser 1(λ = 450 nm, L450P1600MW, Thor-
labs) was used to readout the output fluorescence of the FRET gates and the optical logic circuits.
The light from Laser 2 (λ = 532 nm, Excelsior-CDRH, Spectra-Physics) and Laser 3 (λ = 589 nm,
OEM-U-589-100mW-18041236, Changchun New Industries Optoelectronics Tech.Co., Ltd.) were
used as an input for I = “1” to the FRET gates and circuits. Laser 4 (λ = 671 nm, SDL-671-400 T,
Shanghai Dream Lasers Technology Co., Ltd.) was the input light for I = “0” of the NOT gates. Laser
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5 (λ = 405 nm, Violet Laser Module, Laserlands) was the input light for I = “0” of the YES gate [35],
[36]. Additionally, the acceptor returned to the ON state if the sample was left unperturbed for
3 minutes. This is referred to as natural recovery in this work and was used for the YES gate.

4. Experiments on FRET Gates
4.1 Experimental Condition

For implementing an optical logic circuit with two inputs and one output, FRET gates were prepared
that functioned with input lights of different wavelengths.

The FRET gate sample consisted of some DNA strands and reagents. The DNA strands were
purchased from Japan Bio Services CO., LTD and Tsukuba Oligo Service CO., LTD. The sample
of a YES gate consisted of 3.3 × 10−6-M donor-attached DNA (10 mer), 3.3 × 10−6-M acceptor-
attached DNA (10 mer), 3.3 × 10−6-M scaffold DNA (20 mer) for fixing the distance between the
donor and the acceptor, 0.1-M mercaptoethylamine (MEA), and 8.3 × 10−2-M NaOH. The sample
of a NOT gate consisted of 3.3 × 10−6-M DNA with a donor and an acceptor attached to both ends
(10 mer), 6.6 × 10−6-M activator-attached DNA (10 mer), 0.1-M MEA, and 8.3 × 10−2-M NaOH.
With this concentration, the effect of collisional FRET is considered to be negligible [37]. The pair of
NaOH and MEA is necessary for photoswiching of fluorophores [24]. The DNA and reagents were
mixed in the buffer. The buffer contains 0.005-M Tris-HCl, 1-M NaCl, 0.01-M MgCl2, 100-mg/mL
glucose, 0.04-mg/mL catalase, and 0.5-mg/mL glucose oxidase. Catalase and glucose oxidase
are used for photoswitching of fluorophores.

Four kinds of FRET gates were fabricated. Alexa Fluor 488 (AF488; Abs: 495 nm, Em: 520 nm)
was selected as the donor for all the FRET gates. The FRET gates were classified not only by
a YES gate and a NOT gate, but also by the input light for I = “1”. Lights of two wavelengths at
532 nm and 589 nm were used as the input lights for I = “1”. FRET gates with an input wavelength
for I = “1” of 532 nm were classified into group X. If the wavelength was 589 nm, the FRET gate
was classified in the group Y. The YES gate and the NOT gate were implemented for both groups.
The YES gate and the NOT gate of group X are referred to as YES(X) gate and NOT(X) gate,
respectively. Similarly, the YES gate and the NOT gate of group Y are referred to as the YES(Y)

gate and the NOT(Y) gate, respectively. The structures of the FRET gates and the base sequences
of the DNA strands used are shown in Fig. 4. The acceptors of the YES gates and the activators of
the NOT gates were selected for their response to the specific wavelengths of the input lights for I
= “1”. Alexa Fluor 532 (AF532; Abs: 532 nm, Em: 553 nm) and Cy3.5 (Abs: 581 nm, Em: 596 nm)
were the acceptors for the YES(X) gate and the YES(Y) gate, respectively. Cy3 (Abs: 550 nm, Em:
570 nm) and Alexa Fluor 568 (AF568; Abs: 578 nm, Em: 603 nm) were the activators for the NOT(X)

gate and the NOT(Y) gate, respectively. Cy5 (Abs: 643 nm, Em: 667 nm), whose state is optically
controllable [34], was used as the acceptor of the NOT gates. An acceptor and an activator were
arranged at the same side of the DNA strands to obtain the effect of the activator [33]. For all gates,
the distance between the donor and acceptor was designed to be 10 mers. In both the YES and
the NOT gates, the different parts between the group X and Y (YES gate; the acceptor, NOT gate;
the activator) were separated to compose the FRET gates and the circuits with common DNAs as
possible. The intensity and irradiation time of the used lights are shown in Table 1. The 450-nm
light was used to read the output for all gates. The other wavelengths were selected in accordance
with the individual fluorescence molecules. The YES(X) gate was set to the “0” state using oxygen.
A 10-μL sample was prepared in the experiment using the YES(Y) gate, and a sample volume of
30 μL was used for the other experiments.

4.2 Experimental Results

First, four kinds of FRET gates were investigated, which were used as components for nanoscale
optical logic circuits. The change in the output fluorescence intensity when I = “0” and I = “1” was
measured.
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Fig. 4. The structures of FRET gates, (a) YES(X), (b) NOT(X), (c) YES(Y), (d) NOT(Y) gate. D donor, A
acceptor, and C activator.

TABLE 1

The Power Density and Irradiation Time of the Lights Used in FRET Gates. The YES(X) Gate was Set
to I = “0” by Adding Oxygen

The measured raw spectrum was considered to be the weighted sum of two or three fluorophore
spectra. The spectrum was separated into the primary spectra based on the following fitting
procedure. The spectra of the individual fluorophores were measured first. If three types of
fluorophores (a donor, an acceptor, and an activator) are present in the sample, the obtained
spectrum can be expressed via the following expression.

Sf it (λ) = kD · SD(λ) + kA · SA(λ) + kC · SC (λ), (1)

where Sf it (λ) is the spectrum after separation. SD(λ), SA(λ), and SC (λ) are the fluorescent spectra of
the donor, the acceptor, and the activator, respectively, after subtracting the buffer spectrum. SD(λ),
SA(λ), and SC (λ) were measured individually in advance. The buffer spectrum is the spectrum from
the glucose oxidase under the blue light (readout light) irradiation. kD, kA, kC are the coefficient
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Fig. 5. The raw spectra of FRET gates [(a): YES(X), (b): NOT(X), (c): YES(Y), (d): NOT(Y) gate] when I
= “0” and I = “1”. (D), (A), (C) in the figures stand for the donor, the acceptor, and the activator.

for the donor, the acceptor, and the activator, respectively. When the spectrum of a YES gate is
measured, the SC (λ) term is eliminated from Eq. (1). The buffer spectrum was subtracted from the
raw spectrum of the FRET gate. The spectrum obtained after subtraction is Sobt (λ). The coefficients
that minimize ∫ {

Sobt (λ) − Sf it (λ)
}2

dλ (2)

were calculated. Then, the output intensity of the FRET gate was estimated by multiplying the
coefficient with the value at the fluorescence peak wavelength of the donor fluorescent spectrum.

The raw spectra when I = “0” (black curve) and I = “1” (red curve) of the four FRET gates are
shown in Fig. 5. These spectra were normalized using the peak value of the donor fluorescence
when I = “0”. The relative intensities averaged over two measurements and its standard deviations
were measured. The output intensity of the YES(X) gate for I = “1” increased by 30.8 ± 1.3%
compared with I = “0”. For the NOT(X) gate, the output decreased by 17.6 ± 2.3%. For the
YES(Y) and the NOT(Y) gates, the output increased by 13.9 ± 1.3% and decreased by 14.0 ±
0.9%, respectively. These results demonstrate that the designed FRET gates produced fluorescent
outputs that depended on the input lights. As seen from Fig. 5, the donor and acceptor fluorescence
intensities move in opposite directions. These results indicate that the FRET paths were altered
depending on the input lights. The differences of the signal-to-noise-ratio (SNR) among the gates
are due to the differences among the intensities of the spectra of raw data before normalization.

Next, the output fluorescence intensity of the FRET gates were investigated to see if they change
with consecutive inputs. The input of the FRET gates was varied continuously by alternately
irradiating the sample with the input signal or it was allowed to recover naturally. The output was
measured each time the input was changed. The output fluorescence intensities were normalized
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Fig. 6. Consecutive changes of output fluorescence intensity of the FRET gates [(a): YES(X),
(b): NOT(X), (c): YES(Y), (d): NOT(Y) gate] according to the input state. The values are ones averaged
over two measurements, and the error bars show standard deviations. The vertical axis represents the
differences of the output fluorescence intensity compared with the previous state.

using the intensity of the first I = “0” state. Because of photobleaching, the OFF-state acceptors
did not completely return to the ON state. To eliminate the influence of the photobleaching, the
difference of the output from the previous state was evaluated. The output differences of the YES
gates were expected to be a positive when I = “1,” and to be negative when I = “0”. In contrast,
those of the NOT gates were expected to be negative when I = “1” and to be positive when I = “0”.
The relationship between the input and the output differences are shown in Fig. 6. For all the FRET
gates, the results indicated that the output changes occurred in three cycles.

FRET gates with two kinds of input lights were demonstrated. These gates can be implemented
using the same layout by selecting fluorophores for different input light wavelengths.

5. Investigation of Nanoscale Optical Logic Circuits
5.1 Experimental Condition

By combining two FRET gates, nanoscale two-input one-output optical logic circuits were fabri-
cated. The output fluorescence intensities according to a set of inputs were measured to verify the
behavior of the circuits. As examples, an AND circuit and an OR circuit were implemented because
these are the basic operations required for construction of a complete system. In this paper, two
operations are presented: IX ∧ IY and IX ∨ IY . IX is the input of the FRET gate of the group X. IY is that
of the group Y. The AND circuit can be implemented by connecting the YES(X) gate and the NOT(Y)

gate with a common donor, as shown in Fig. 7(a). We selected this AND circuit to implement an
operation including a NOT gate as a component of the disjunctive normal form. The OR circuit can
be implemented using the YES(X) gate and the YES(Y) gate simultaneously, as shown in Fig. 7(b).

The AND circuit sample consisted of 3.3 × 10−6-M DNA with an AF488 and a Cy5 at-
tached to both ends (10 mer), 3.3 × 10−6-M AF532-attached DNA (10 mer), 6.6 × 10−6-M
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Fig. 7. (a) The structure of the AND circuit IX ∧ IY . The left part including the donor is the NOT(Y) gate,
and the right part including the donor is the YES(X) gate. (b) The structure of the OR circuit IX ∨ IY .
Sequences were designed to prevent two YES gates from binding to each other. D donor, A acceptor,
and C activator.

TABLE 2

The Power Density and Irradiation Time of the Lights Used in the Circuits

AF568-attached DNA (20 mer), 0.1-M MEA, and 8.3 × 10−2-M NaOH. The OR circuit sample
consisted of 6.6 × 10−6-M AF488-attached DNA (10 mer), 3.3 × 10−6-M AF532-attached DNA (10
mer), 3.3 × 10−6-M Cy3.5-attached DNA (10 mer), 6.6 × 10−6-M scaffold DNA (20 mer), 0.1-M
MEA, and 8.3 × 10−2-M NaOH. The DNA and reagents were mixed in the buffer. The buffer was
the same as the experiments for the FRET gates. The volume of the AND circuit and the OR circuit
were 30 μL and 10 μL, respectively. Sequences of the DNA used are shown in Fig. 7. The intensity
and the irradiation time of the used lights are shown in Table 2. The used optical system was the
same as that shown in Fig. 3.

5.2 Experimental Results

First, the output fluorescence intensity for each input was investigated. The input of the sample was
set to (IX , IY ) = (0, 0) initially, and then it was switched to the desired one. The output intensities
measured for each input state are shown in Fig. 8. The intensities were averaged over three
measurements and normalized using the output intensity for the (0, 0) input state. From Fig. 8,
for both circuits, the responses were reasonably in agreement with the designed operation. By
using a suitable threshold value, for example the average value of the maximum output intensity for
O = “0” and the minimum intensity for O = “1,” correct binary values of the output for a single circuit
could be obtained when considering the average of the output. To determine an absolute threshold
value for a more complicated circuit, it is necessary to improve the performance of the gates. The
output intensity of the AND circuit had a maximum value with an input of (1, 0) and a minimum for
an input (0, 1); this was because both the YES(X) and NOT(Y) gates had O = “1” (input (1, 0)) or O
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Fig. 8. Output fluorescence intensity of (a) the AND circuit IX ∧ IY and (b) the OR circuit IX ∨ IY according
to the input light patterns. The values are ones averaged over three measurements, and the error bars
show standard deviations. The horizontal axes are the input light pattern (IX , IY ). The blue and the gray
graphs represent the O = “1” and O = “0” states, respectively.

Fig. 9. Consecutive changes of the output fluorescence intensity of (a) AND circuit IX ∧ IY and (b) OR
circuit IX ∨ IY . The numbers in the top of figures are the input states (IX , IY ). The yellow, green, and red
parts represent the irradiating state with the input light. The gray part is the natural recovery state.

= “0” (input (0, 1)). The output for input (1, 1) showed relatively high intensity because the effect
of IX is greater than IY . As mentioned in Subsection 4.2, the ratio of output change of the YES(X)

was 30.8% and that of the NOT(Y) gate was 14.0%. Thus, the difference of the output fluorescence
intensities between (1, 0) and (0, 0) or (0, 1) is larger than the difference between (1, 0) and (1, 1).
In the OR circuit, the output intensity had a maximum for an input (1, 1) because both YES(X) and
YES(Y) gates were in the O = “1” state. The output had a minimum for the input (0, 0) because both
the YES gates were in the O = “0” state.

The consecutive changes of the output fluorescence intensities of the AND and the OR circuits in
response to multiple sequential inputs were measured to evaluate a time response of the circuits.
The readout light was continuously irradiated on the sample. The input state was changed every
three minutes by irradiation with the input light or by natural recovery. The output intensities were
measured every 15 s with an exposure time of 10 s. Additionally, measurement of the AND circuit
was started 1 min after the beginning of the readout light irradiation to reduce the attenuation of
the output fluorescence intensity. The input state of the AND circuit was changed to (0, 0), (0, 1),
(1, 1), and (1, 0) in turn. That of the OR circuit was changed to (0, 0), (1, 0), (1, 1), and (0, 1) in
turn. The measurement results are shown in Fig. 9. The output intensities were normalized using
that for the initial (0, 0) state. In the AND circuit, the output intensity had a maximum when the input
was (1, 0) and a minimum for the (0, 1) state. In the OR circuit, the output intensity had a maximum
when input was (1, 1) and a minimum for the (0, 0) state, similar to the previous result (Fig. 8). In
both circuits, consecutive changes of the output fluorescence intensities with the input sequence
were verified. It is expected that increasing light power density is a possible solution to shorten the
response time of the circuits.
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6. Conclusion
In this work, nanoscale optical logic circuits were proposed with single-step FRET. The components
of the circuits were two kinds of FRET gates, a YES gate, and a NOT gate. By combining the FRET
gates properly with DNA technology, various logic circuits could be implemented based on the
disjunctive normal form. Use of the single-step FRET allows for the construction of circuits with
simple structures.

The experimental results demonstrated the YES gates and the NOT gates using two different
input light wavelengths for I = “1” worked as expected. Moreover, the output of the FRET gates
with changing input was verified. The operations of an AND circuit and an OR circuit constructed
by connecting FRET gates were also demonstrated. In addition, the consecutive changes of the
output could be realized with different input signal sequences.

The performance of the proposed circuit depends on the behavior of the FRET gates. For
improved circuit performance and reliable operations, it is important to adjust the layout of the
fluorophores in the circuits and the conditions for light irradiation, which lead increase of the
FRET efficiency and switching efficiency. The countermeasure for the fluctuation of output signals
depending on environment should also be made by, for example, fluorescence ratio measurements
to achieve more reliable operations. The proposed method can be applied for nanoscale information
systems that work in wet and nanoscale conditions, such as in cells.
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