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ABSTRACT: The predictability of Watson—Crick base-
pairing provides a unique structural programmability to
DNAs, promoting a facile design of bimolecular reactions
that perform computation. However, most of the current
architectures could only implement limited logical circuits and
are incapable of handling more complex mathematical
operations, thus limiting computing devices from advancing
to the next-stage functional complexity. Here, by designing a
multifunctional DNA-based reaction platform coupled with
multiple fluorescent substrates as output reporters, we
construct, for the first time, a logic circuit that can compute
the cube root of a 10-bit binary number (within the decimal
number 1000). This relatively large-scale logic system with 10
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inputs and four outputs showcases the power of DNAs in the field of biological computing and will potentially open up a new
horizon for designing novel functional devices and complex computing circuits and bringing breakthroughs in biocomputing.

KEYWORDS: DNA computing, cube root, large scale, toehold-mediated reaction, logic circuit

B INTRODUCTION

In order to develop the information chemistry as a
programming technique that allows substances to function in
ways that biological systems do not, it is necessary to
understand how molecular interactions are coded and
implemented. Relatively simple units that self-assemble into
complex products are particularly suitable for this type of
research.'~” The theory of combining the mathematical model
with the statistical mechanical models of molecular crystal-
lization shows that the algorithmic behavior can be embedded
in the molecular self-assembly process, which has been
demonstrated experimentally with Watson—Crick-based DNA
nanotechnology.”~” Decision-making and other types of
information processing may be realized in DNA nanodevices
by using the concept of DNA computation, which exploits the
inherent sequence programmability of DNA-based reactions.
Importantly, the base-pairing specificity and sequence
programmability of DNA provide unique design flexibility to
such nanodevices, which have shown to be able to achieve
from simple to complex biomolecular-based logic algorithm
operations both in solution and on surfaces."”'" Such
capabilities may be used in different fields such as drug
release, switchable nanophotonics, or the construction of
artificial biomolecular motors."" Although the pioneering work
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of Adleman and others was still devoted to address complex
computational problems using biomolecular techniques, the
focus of the field has shifted to the implementation of DNA-
based logic circuits and dynamic reaction networks."”

Up to now, fluorescent, electrochemical, colorimetric, and
other kinds of DNA logic devices/nanoswitches'> ™! are
fabricated to realize various basic logic gates, advanced logic
circuits and even neural networks, which fully prove the
significance of biomolecular logic gates in biocomputing
science.”” ** However, most of them are still capable of
realizing relative simple logic operations, the requirement for
time-consuming procedures of conjugation with materials,”>*°
perishable protein enzymes,”””® and color-dependent read-
out”” impedes the development of biocomputing in the
realization of more functional and complex logic circuits.
Thus, the establishment of an enzyme-free DNA-based
platform for constructing complex logic gates with sorting to
precise analytical instrumentation is attractive and desperately
needed. Qian and Winfree used a simple DNA reaction
mechanism to demonstrate several digital logic circuits and
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Figure 1. Reaction mechanism of the DNA-based 10-bit cube root logic operation. (a) Description of the composition of input DNAs (A—J) and
DNA-based nanoswitches (S1—S4). (b) Truth table of the 10-bit cube root logic operation.

finally constructed a four-bit square-root circuit that comprises
130 DNA strands."'

Recent advances in nanoscience have shown that DNA
switches (rationally designed DNA nanostructures) are
versatile building blocks for the fabrication and assembly of
nanoscale computing devices and sensors.’”’' Because
structural switching molecules are reversible and endowed
with significant affinity and specificity, they can work
continuously in complex environments. This is well suited to
numerous nanotechnology applications, and increasing efforts
are being done to apply them to engineering applications.’
Based on the above research, in this work, for the first time, by
using DNA strand displacements, a 10-input and four-output
cube root logic circuit has been successfully built to compute
the 10-bit cube root logic circuit. In this 10-bit cube root logic
operation, we aim to get a binary result that is equal to a
decimal positive integer. The operation range in this work is to
realize the cube root operation of the decimal number within
1000. In order to realize the 10-bit cube root logic circuit to
calculate the cube root of the decimal number within 1000, a
multifunctional platform that consists of a series of DNA-based
nanoswitches is designed. Such DNA nanoswitches can be
utilized as the reacting platform and allosterically regulated by
specific DNA inputs to output the corresponding fluorescence
signals in a controlled fashion by the toehold-mediated
reaction (Figure 1). The four different fluorescent dyes have
been modified on the four nanoswitches, and the signals of
which can be regulated in a controlled manner. One of the keys
of this work is that each of nanoswitches is programmed to
have one or more recognition elements for its ability to
specifically bind to a desired input stimulus, providing the
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appropriate conformational change for the specific output
mechanism for the operation of 10-bit cube root logic circuit.

B EXPERIMENTAL SECTION

Materials and Apparatus. All of the DNAs are listed in the
Supporting Information (Table S1). All chemicals used in this work
are of analytical reagent without purification. The concentrations of
the DNA sequences are quantified by nanodrop. The fluorescence
emission spectra were tested in Tris-HCI buffer in room temperature.
The emission of the 6-carboxyfluorescein (FAM), 6-carboxyl-X-
thodamine (ROX), hexachlorofluorescein (HEX), and cyanine §
(CyS) are recorded at 517, 605, 556, and 665 nm.

Statistical Analysis. First, the concentrations of the DNA
switches, including S1, S2, S3, and S4, have been optimized. The
P,, P,, P5, and P, were confirmed to be 150, 150, 125, and 150 nM as
the optimized concentrations, respectively (Figure S3). Then, the Py,
P,,, P}, and P, are all optimized to be 125 nM. The P,, P,,, P3,, and
P,, are confirmed to be 200, 175, 225, and 175 nM as the optimized
concentrations (Figure S2). The optimizations of the inputs were all
confirmed to be 350 nM, respectively.

Logic Circuit Operation. According to our previous work,>*** all
if the DNASs are annealed in 90 °C for 10 min before use. First of all,
the DNA switches (S1, S2, S3 and S4) were synthesized and used as
the platform to operate 10-4 cube root logic gate in this investigation.
Then, the corresponding inputs were added into the nanoswitch-
based platform for the logic operation according to the truth table.

B RESULTS AND DISCUSSION

In this work, based on the DNA hybridization and TDSD, a
multifunctional reaction platform with a series of DNA
nanoswitches (S1, S2, S3, and S4) have been designed with
multiple protruding toehold sites (Figure 1a). Taking the first
nanoswitch of S1 as an example, which consists of the single-
stranded P, P}, and P,,, in which P,; is modified by FAM and
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Figure 2. Hybridization reactions between the inputs and DNA nanoswitch-based platform for the realization of 10-bit cube root logic operation.
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Figure 3. Fluorescence outputs (from the decimal number of 1—10) corresponding to different inputs ranging from 1 to 1000 in the 10-bit logic
circuit. Panels from (al) to (j1) showed the FAM fluorescence output of Y1. Panels from (a2) to (j2) showed the ROX fluorescence output of Y2.
In (a3) to (j3), the HEX fluorescence intensity showed the output signal of Y3. In (a4) to (j4), the CyS fluorescence intensity showed the output

signal of Y4.

P,, is modified by corresponding quencher (BHQ], black hole
quencher 1). In the initial state of S1, P; can hybridize with
both P;; and P, to form the duplex of P,/(P;; + P},) and
shorten the distance between FAM and BHQI. Therefore, the
fluorescence resonance energy transfer (FRET) happens
between them and leads to the decreased fluorescence of
FAM. The second nanoswitch of S2 consists of single-stranded
P, (t3, P 1t,3P5 rtyy), P,y and Py, in which P,, is modified by
the fluorescent dye of ROX and quenched by BHQ2 (black
hole quencher 2) that modified on P,,. The S3 consists of P;,
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P;,, and Py, in which Py, is modified by the fluorescent dye of
HEX and quenched by BHQI that modified on P3,. The S4
consists of P,, Py, and Py, in which P,; is modified by the
fluorescent dye of CyS and quenched by BHQ3 (black hole
quencher 3) that modified on P,,. As shown in Figure S1, the
designed four DNA nanoswitches can be turned on and lit up
by specific input signals, performing different fluorescent
output signals (FAM, ROX, HEX, and CyS$, which are defined
as “red, blue, violet, and green” output signals). As shown in
Figure 1, the inputs (A, B, C, D, E, F, G, H, T, J) are designed
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to specifically light one or more DNA nanoswitches by TDSD.
As the exclusive “key” of S1, the input A (P§t) can hybridize
with S1 (t,P,) through the toehold site of t¥, releasing P, and
lengthening the distance between P, and P,,, resulting in the
enhanced fluorescence output signal of FAM (Figure S1, curve
al and curve a2). The inputs C (£5P5r), D (P¥.t), and I
(Pygtss) are programmed to light up S2 through their specific
toehold sites (5, t, and t§;) and eventually enhance the ROX
fluorescence signal (Figure S1, curves c1 and c2, curves d1 and
d2, curves il and i2). The input G (P§t§) is designed as the
“key” of S3 (t3P;) to light up the fluorescence of HEX by the
toehold site of t§ (Figure S1, curves gl and g2). The input ]
(Pftf) is designed to light up the fluorescence of CyS by
hybridizing with S4 (t,P,) (Figure S1, curves jl and j2). As
shown in the comparison curves of the state of “ON” and
“OFF” (Figure S1), the fluorescence intensity of “OFF” state is
low and performs a perfect low background signals, which can
greatly improve the programmability and the accuracy of logic
operation.

Before implementing the cube root logic operation, the
optimum conditions for the formation of nanoswithches have
been determined first (details in Figures S2 and S3).
Furthermore, different concentrations of inputs are optimized
to light up the DNA nanoswitch-based platform (details in
Figure S4). As shown in Figure 1b, the possible values of
variables as inputs and the corresponding function values as
outputs are listed, which is the so-called truth table. The truth
table represents logical functions in the form of a table, which
has the advantage of being straightforward. Once the value of
the input variable is determined, the corresponding function
value can be found from the table. Therefore, it can plan in
advance the logical relationship between the inputs and
outputs of the logical operation to be implemented in binary
language. For inputs, the absence of input is set as “07,
otherwise, it is set as “1” for presence. For outputs, the
corresponding high fluorescence intensity is defined as “17,
otherwise, it is defined as “0”. By encoding different
combinations of inputs and adding them to the reaction
platform made up of four DNA nanoswitches, the specific
combination of output signals can be obtained (Y1—Y4, which
is defined as four colors, red, blue, violet, and green). As the
computational range increases, more and more DNA nano-
switches will be turned on, leading to an increase in the types
of fluorescent output signals. Therefore, in this work, by
dividing the calculation scope (0<NX 20,23 <N<3, 4 <
N<7°and 88 <N< 103), the working mechanism of 10-bit
cube root logic operation can be clarified more clearly, which
provides an important reference to realize the larger-scale logic
operation in the future.

Figure 2 shows the reaction mechanism to realize the 10-bit
cube root logic circuit in different ranges of calculation (0 < N
<2°%2° < N<3%4°<N<7 and 8 < N < 10%), with the
corresponding output fluorescence signals shown in Figure 3.
The 10-bit cube root logic operation is start with the first
calculation range (0 < N < 2°). This calculation range includes
only one case, namely, calculating the cube root of the decimal
integer “1”, in which the input strand of A should be added to
the DNA nanoswitch-based platform. The input A (P¥t}) can
hybridize with t,P; through the toehold site of tf to recover
the fluorescence of FAM that modified on Py, according to
FRET (Figure 3al), and other nanoswitches remained “off”
with low fluorescence (Figure 3a2—a4). The enhanced
fluorescent signal FAM (Y1) and the remaining inactive
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fluorescent signals (Y2, Y3, Y4) in the truth table have a binary
code of “0001”, which is the “1” in the decimal number.
Therefore, the calculating result is that the cube root of “1” is
equal to “1” (/1 = 1). In the second calculation range (2° <
N < 3%), there are two cases where the cube roots of the
decimal integers “8” and “27” are calculated. For the
calculation of the cube root of decimal “8”, the input D
(P¥.t8) should be added to the DNA nanoswitch-based
platform and hybridize with nanoswitch S2 (t,,P, ) through
the toehold site of t3j. Therefore, P,; modified by the
fluorescence of ROX is released and performing a higher
fluorescence signal (Figure 3b2), where the calculating result is
that the cube root of decimal “8” is equal to decimal positive
integer “2” (3/8 = 2). To calculate the cube root of decimal
“27”, the input A (P¥t¥), B, D (P¥,t), and E should be added
to the platform. As mentioned above, the input A can hybridize
with nanoswitch S1 (t;P,) and input D can hybridize with
nanoswitch S2 (t,;P, ;). Therefore, the fluorescences of FAM
and ROX are lit up at the same time (Figure 3cl,c2),
indicating the output signals of Y1 and Y2 are defined as “1”
with the result that the cube root of decimal “27” is equal to
decimal positive integer “3” (3/27 = 3). In this work, in order
to save time and cost, inputs B and E can be coded as not
participating in the reaction, which will provide more coding
space for us to realize a larger range of logical calculation in the
subsequent work.

When the calculating value is increased to the third range
(4 < N < 7°), there are four calculation cases, namely,
calculating the cubic root of the decimal integer “64”, “125”,
“216”, and “343”. First, to calculate the cube root of decimal
“64”, the input G (P§t§) should be added to the platform and
hybridize with S3 (t;P;) through the toehold site of tf,
enhancing the fluorescence of HEX that modified on Pj;
(Figure 3d3) and showing the result that the cube root of

“64” is “4” (/64 = 4). Second, to calculate the cube root of
decimal “125”, the inputs A, C, D, E, F, and G are needed to
add to the platform. In this case, as mentioned above, the input
A (P#tf) can light up S1 and induce the fluorescence
enhancement of FAM and G (P§tf) can light up S3 and
induce the fluorescence enhancement of ROX (Figure 3el,e3),
indicating the output signals of Y1 and Y3 are defined as “1”.
Furthermore, to inhibit the increasing of output Y2 (ROX)
induced by the inputs C and D, input F is programmed to
preferentially hybridize with C and D, shutting down their
sequence sites to switch on the nanoswitches of S2 and inhibit
the enhancement of fluorescence intensity of ROX (Figure
3e2). Therefore, the enhancements of Y1 and Y3 show the
calculating result of the decimal “125” is equal to decimal
positive integer “5” (/125 = 5). Third, to calculate the cube
root of decimal number “216”, inputs D, E, G, and H are
programmed to be added to the platform. In this case, inputs D
and G are involved in hybridization and light up the
nanoswitches of S2 and S3, indicating that the output signals
of Y2 and Y3 are defined as “1” with the mean that the cube
root of decimal “216” is equal to decimal positive integer “6”

(1216 = 6) (Figure 3f1—f4). Next, to figure out the cube root
of decimal number “343”, inputs A, B, C, E, G, and I should be
added. In this case, the inputs C (£5P5y) and I (P¥y ) are
programmed to light up S2 based on the toehold site of t3; and
tf; to recover the fluorescence signal of ROX (Figure 3g2),
showing the result of the cube root of “343” is “7”

(/343 =7).

DOI: 10.1021/acsami.9b15180
ACS Appl. Mater. Interfaces 2020, 12, 2601—2606


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b15180/suppl_file/am9b15180_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b15180

ACS Applied Materials & Interfaces

Research Article

l.u_li\'l

e
E

e
FS
1

Normalized Int.

o
N

4 5 6
Inputs

1 2 3 4 5 6

l‘nputs
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In the fourth calculation range (8* < N < 10%), there are
three cases where the cube roots of the decimal integers “5127,
“729”, and “1000” are calculated. First of all, in order to figure
out the cube root of decimal “S12”, the input J (P#t}) is
programmed to be added to the platform and hybridize with
t,P, based on the toehold site of t§ (Figure 3h4), indicating
the result of the cube root of decimal “512” is equal to the
decimal positive integer “8” (/512 = 8). Second, to figure out
the cube root of the decimal number “729”, inputs A, D, E, G,
H, and J are programmed to be added to the platform. In this
case, input J (t;P5-t,,P, 1) is also designed to hybridize with
input D (P¥ tf) and input G (P§t¥) to block their
hybridization sites where they can switch on the nanoswitches
of S2 and S3, inhibiting the enhancement of fluorescence
intensity of ROX and HEX (Figure 3i2,i3). Therefore, the
“turn-on” nanoswitches of S1 and S4 show the result of the
cube root of “729” is “9” (3/729 = 9). Finally, to figure out the
cube root of decimal number “1000”, inputs D, F, G, H, I, and
J are programmed to be added to the platform. In this case, in
order to inhibit the output signal of S3, input J (t;P5-t,,P,.1) is
also designed to hybridize with input D (P#,t};) and input G
(P¥t¥) to prevent the fluorescence intensity of ROX and HEX
(Figure 3j3). Also, input F (a,P,) is designed to prefer to
hybridize with input H (P§pt3;) based on the toehold site of a;
to block the hybridization site to hybridize with input I, which
can improve the fluorescence efficiency of S2. Therefore, the
“turn-on” nanoswitches of S2 and S4 show the result of the
cube root of decimal “1000” is equal to the decimal positive
integer “10” (/1000 = 10).

As shown in Figure 4, the normalized outputs (Y1, Y2, Y3,
and Y4) are plotted to define the threshold value. The output
thresholds are defined as “1” when the normalized values are
higher than 0.55, and otherwise, it can be defined as “0” when
lower than 0.4S5. Thanks to the thresholding, the outputs can
achieve ideal ON and OFF signals. In order to further identify
the DNA hybridizations in the realization of the 10-bit cube
root operation, the PAGE experiments are showed in Figure
SS.
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B CONCLUSIONS

In conclusion, by designing a set of multifunctional DNA
nanoswitches as reaction platform, a 10-bit cube root logic
operation has been successfully constructed. It is the first time
that a 10-bit cube root logic operation with 10 inputs and four
outputs has been constructed on nanoswitch platform for the
function of calculating the cube root within the decimal
numbers of 1000. Significantly, in order to realize this relatively
large-scale logic operation, the predictable base-pairing is used
as the key role in this work, which offers such a powerful
database and DNA structure programmability that opens up
exciting prospects for designing functional devices and
complex computational circuits.
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