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A simple three-input DNA-based
system works as a full-subtractor
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Received: 29 Octob : e :
gcelved: 29 UCIOBET 2034 - Over the past decade, DNA has demonstrated remarkable potential in fabrication of molecular logic

Accepted: 21 April 2015 514 arithmetic systems. In this work, a simple DNA-based system mimicking a full-subtractor that
Published: 22 June 2015 : handles three inputs including one minuend and two subtrahends for eight input/output conditions
. is successfully designed. The whole system is established by one gate molecule and three input

. sequences, all made of single-stranded DNA sequences.

:As interest in nanotechnology research has grown, nanoscale devices, which can be designed using either
. a top-down or a bottom-up approach, have been widely studied'->. In 1994, Adleman introduced a
: DNA-based biocomputing system for solving famous mathematic traveling salesman problems*. This led
© to additional explorations and experiments demonstrating that DNA sequences can serve as elementary
© computing devices such as half-adders®-, half-subtractors®, full-adders!®, and full-subtractors''. Related
: DNA-based computing experiments have involved smart molecular systems such as majority voting logic
© circuits!?15, keypad locks'S, and multilevel logic circuits!’-%.

: In addition to providing these basic computing capabilities, effectively designed DNA molecules show
. promise for application in other functions such as molecularly targeted cancer therapy?*-?2. In designing
. nanoscale devices, many scientists prefer using DNA molecules over typical synthetic polymers because
: DNA molecules offer a wealth of favorable conformational characteristics that typical polymers lack.
: For example, DNA molecules can have single-stranded sticky ends or can form duplexes, and a DNA
. molecule may possess a hairpin loop, G-quadruplex, or crossover structures. DNAzyme molecules or
© aptamer-substrate complexes are also options for biomolecular designers®.

: DNA-based computing devices are typically designed to mimic Boolean logic operations (such as
© AND, OR, XOR, NOR, NAND, XNOR and INHIBIT) that manage one or more logical inputs to produce
. a single logical output. Designers combine these types of logic gate to create logic circuits for arithmetic
. calculations. For example, the logic circuit of a half-subtractor requires two binary digits: I, (the min-
. uend) and I (the subtrahend) to perform subtraction and the involved outputs are a difference-bit (by
. using an XOR gate) and a borrow-bit (by using an INHIBIT gate). The value of the difference-bit is equal
* to the minuend subtracts the subtrahend, regardless of whether the value is positive or negative; if the
. minuend is less than the subtrahend, then the borrow-bit value equals 1. Considering four input states
 of (0,0), (0,1), (1,0), and (1,1) for 0-0, 0-1, 1-0, and 1-1, respectively, the INHIBIT operation outputs
. borrow-bit values of 0, 1, 0, and 0, respectively, and the XOR operation outputs difference-bit values of
© 0, 1, 1, and 0, respectively. For instance, when performing 0-1= —1 represented by the input state (0,1),
- the outputs are difference-bit of 1 and borrow-bit of 1.

A full-subtractor is a combinational logic circuit that performs subtraction using inputs of three
* binary digits: one minuend and two subtrahends, and considers eight input states: (0,0,0), (0,1,0), (1,0,0),
: (1,1,0), (0,0,1), (0,1,1), (1,0,1), and (1,1,1). Similar to a half-subtractor, a full-subtractor outputs values for
. one difference-bit and one borrow-bit. For instance, the inputs (1,1,1) would be processed as 1-1-1=—1,
. and would output a borrow-bit value of 1 and a difference-bit value of 1.
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Name Sequence
Gate 5"-(C6Thiol)-AGCCGACCTCAGCACCTTCCTGAGCGGCT-Fluorescein-3°
1, 5"-BHQ3-JATGATCGTGCAGGCGTCACGGTGACCAGAAGGTGCTGAGGTCGGCT-3
I 5-GCGGTATGGTTACGTCTAGCGTACGTCGAGAGCCGCTCAGGAAGGTGCITGGTCACCGTGACGCCTGCACGATCAT-Cy5-3"
AAAANAAAAAAANAAAANAANAANNAAAANAAAAA
Bi, 5"-CTCGACGTACGCTAGACGTAACCATACCGCAGCCGCTCAGGAAGGTGCITGGTCACCGTGACGCCTGCACGATCAT-CyS-3
AAAAAAAAAAAANAAAANAAAAAAAANAAAA

Table 1. Sequences used in the gate molecule and three inputs including I, (the minuend), I (the

first subtrahend), and B, (the second subtrahend). Colors match the illustrated sequences in Fig. 1(A).
Sequences in box, bold font, dashed- or wavy-underlining are complementary to similarly marked sequences.
Fluorescein is a green dye; Cy5 is a red dye; BHQ3 is a quencher to Cy5.

In this study, we extended our previously examined DNA-based half-subtractor systems®® by con-
sidering a third input strand, to form a full-subtractor that handles three inputs in eight input/output
conditions. The full-subtractor proposed herein is designed to be relatively compact and composed of
merely four DNA molecules. Three strands are as inputs: I, (the minuend), I (the first subtrahend), and
B;, (the second subtrahend) and one strand as a logic gate to recognize the input strand(s) and produce
two sets of output signals obeying the truth tables of difference- and borrow-bits in a full-subtractor.

The design of the gate strand relies on a molecular beacon, which commonly serves as an optical DNA
probe. A molecular beacon is a single-stranded DNA sequence with a loop and stem in a hairpin confor-
mation, containing a quencher and a fluorophore, generally at the 3* and 5 ends, respectively. When a
molecular beacon is in a hairpin conformation, its quencher and fluorophore remain in vicinity to each
other, and the fluorescence signal is thus quenched. However, when a complementary DNA target is
detected, the hairpin opens into a linear form and the fluorophore, now away from the quencher, releases
an observable signal. When the gate strand is in hairpin form, the fluorescence signal is off and desig-
nated as 0; whereas in linear form, the fluorescence signal of the gate strand is on and designated as 1.

Herein, we used a gold surface to immobilize the molecular beacons and to replace the quenchers,
because of the superior quenching capability of the gold surface for certain fluorophores?. Thus, the
fluorophore is carried at its 3’ end, and its 5" end is modified with disulfide for gold-surface immobiliza-
tion. Fluorescein (green dye, \.,,=520nm) is linked at the 3’ end because its fluorescence is quenchable
by the gold surface. All three inputs are also single-stranded DNA sequences. Based on most designs in
related studies® !, the presence and absence of an input strand at the gate molecule are assigned Boolean
values of 1 and 0, respectively. Eight combinations of input strands may be applied to the logic gate,
represented by the aforementioned eight input states.

Table 1 shows the DNA sequences used in the proposed full-subtractor. The gate molecule is a
29-nt DNA hairpin containing a 19-nt loop and a 5-nt stem, bearing a 5 end-linked with disulfide for
gold-surface immobilization and a 3’ end-linked with a fluorescein. The input strand I, (the minuend) is
46nt long carrying a BHQ3, a quencher to Cy5 (red dye, X\, = 662nm), at its 5" end; the input strands
Iz and By, (the two subtrahends) are both 76nt long, both carrying a Cy5 at their 3’ ends. The 27-nt
sequence at the I, strand 5’ end is complementary to the 27-nt sequence of the Iy and B;, 3’ ends, as
shown in the boxed segments of the nucleotide sequences depicted in Table 1. The 19-nt sequence of
the I, strand 3’ end is complementary to the 19-nt sequence of the gate molecule 5 end, as shown in
the sequence segments in boldfaced font. The 19-nt sequences in the I and B, strand middle regions
are complementary to the 19-nt sequences of the 3’ end of the gate molecule, as shown in the wavy
underlined segments. The 30-nt sequences at the I strand 5 ends and the By, strand 5 ends are com-
plementary to each other, as indicated by the dash-underlined segments.

Based on such sequence assignments, the gate molecule changes from hairpin to linear conformation
upon recognizing input I,, Iy, or B; furthermore, the input strands show preference to form I,/I, I/
B,,, and I,/B;, duplexes when they are in proximity with the gate molecule. The fluorescein on the gate
molecule is quenchable by the gold surface whereas the Cy5 on I and By, strands is quenchable by the
BHQ3 on an I, strand. When the gate molecule is in hairpin form, the fluorescein emission is quenched
by the nearby gold surface; however, when an input molecule is present, the gate molecule opens into lin-
ear form and the fluorescence from fluorescein is observable. When 1,/I; and 1,/B;, strands are partially
hybridized, Cy5 and BHQ3 are drawn into proximity, enabling the BHQ3 to quench the Cy5 signal. As
Ip/B;, hybridization occurs, fluorescence from Cy5 is released. The on/off patterns of released Cy5 and
fluorescein are read as binary outputs for the borrow-bit and the difference-bit, respectively.
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Figure 1. (A) A schematic representation of the proposed full-subtractor. The green and red ovals represent
the green dye (fluorescein) and the red dye (Cy5), respectively; the gray rectangle represents BHQ3, a
quencher to Cy5. (B)Truth tables for the eight input states and their matched outputs. (C)The observed
fluorescence intensity corresponding to the eight input states.

Figure 1(A) shows a schematic illustration of the proposed full-subtractor. The left half depicts the
four input states in which the second subtrahend B, = 0; thus, the operations of these four states resem-
ble those of a half-subtractor system, which manages a minuend and only one subtrahend, represented
by I, and Iy, respectively. In a (0,0,0) input state, no input is added and the fluorescein of the gate mol-
ecule remains near the gold surface; hence, no fluorescein signal is released. Both the borrow-bit and
difference-bit are read as 0, as listed in the truth table in Fig. 1(B). In the (1,0,0) input state, input strand
I, is added, thus changing the gate molecule conformation from hairpin to linear. As the fluorescein at
the 3’ end moves away from the gold surface, it releases a green fluorescence signal, corresponding to an
output difference-bit status of 1 for 1-0-0= 1. In the (0,1,0) input state, input strand I is added, thus
disrupting the hairpin conformation of the gate molecule. In addition to the green fluorescence signal
from the gate molecule, a red fluorescence signal from Cy5 on the Ij strand is also observable. Both the
borrow-bit and difference-bit are read as 1, represented by 0-1-0= —1. In the (1,1,0) input state, both
the I, and I strands are added. Because I, and I are designed to have a higher probability of forming an
I,/Iy duplex (as opposed to forming an I,/gate duplex or I/gate duplex), the hairpin conformation of the
gate molecule is not substantially disturbed, and the fluorescein signal is quenched by the gold surface.
Meanwhile, the partial I,/I; hybridization causes the BHQ3 of I, to remain adjacent to the Cy5 of I,
thus quenching the Cy5 signal. The borrow-bit and difference-bit values are both read as 0, as indicated
in the truth table in Fig. 1(B) for 1-1-0=0.

The right half of Fig. 1(A) shows the four conditions from the lower part of the truth table in Fig. 1(B),
where the second subtrahend is By, = 1. Including the By, strand increases the complexity of the system,
but its delicate interplay with the other strands enables the Cy5 and fluorescein on/off patterns to cor-
respond to those listed in the Boolean truth table. In the (0,0,1) input state, the added B;, strand works
in the manner of the added Ij strand, using the same nucleotide segment to hybridize part of the gate
molecule and transform the gate molecule from hairpin to linear form. The (0,0,1) state switches on
both the Cy5 and fluorescein signals, which correspond to 0-0-1= —1, with values of borrow-bit=1
and difference-bit= 1. In the (1,0,1) input state, the added I, and By, strands have a higher priority to
hybridize each other, instead of interacting with the gate molecule (similar to the I, and I interactions
in the (1,1,0) input state). The I,/B;, partial hybridization draws the BHQ3 and Cy5 into close contact,
which inhibits a Cy5 signal release. Both the Cy5 on the By, strand and the fluorescein on the gate
molecule are off (not released). This represents 1-0-1=0. In the (0,1,1) input state, the input strands I
and By, are included and they hybridize each other using their complementary 30-nt segments in the 5
ends, which leaves the Cy5 signal at their 3" ends on. The gate molecule remains in hairpin conformation
and the fluorescein signal is quenched by the gold surface. This corresponds to 0-1-1= -2, which is the
“high borrow” condition, the only condition without an analogue in the truth table. In the (1,1,1) input
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state, the inclusion of I, Iy, and By, generates a combination of the interactions associated with (1,1,0),
(1,0,1), and (0,1,1), with I,/Ip, Ip/By,, 1./B;,, 14/gate, Ip/gate, and B, /gate duplex formations producing
fluorescence signals released from both Cy5 and fluorescein. This corresponds to 1-1-1= —1, with both
the borrow- and difference-bit read as 1.

The truth table in Fig. 1(B) shows all possible input values, fluorescence on/oft states (for Cy5 and
fluorescein), and output values (borrow-bit and difference-bit). Figure 1(C) shows the measured fluores-
cence intensities, in arbitrary units (a.u.). The (0,1,1) input state produces a Cy5 fluorescence intensity
that is nearly twice those in the (0,1,0), (0,0,1), and (1,1,1) input states because in (0,1,1) state there are
two Cy5 sources (Iy and By,), instead of only one Cy5 source (either Iy or B;,) in the other three input
states. However, in the (1,1,1) state the Cy5 intensity is similar to those in the (0,1,0) and (0,0,1) states,
but lower than that of (0,1,1) state, regardless the presence of Iy and By, in (1,1,1). It is likely that half
of Iy and By, strands hybridize to I, and their Cy5 fluorescence is therefore quenched. Meanwhile, the
slightly low fluorescein intensity in the (1,1,1) state implies that most of the added input strands prefer
to form I,/Iy, I,/B;,, and Ip/B;, duplexes, although some strands remain available to interact with the
gate molecule transforming the gate molecule into linear form, thus turning on the fluorescein signal.
One possible way to increase the fluorescein intensity for the (1,1,1) state is to slightly enhance I;/B;,
interactions over those of 1,/I; and I,/By,, so that adding the three input strands would result in more
Ip/By, duplexes and fewer I,/I; and I,/B;, duplexes, which would leave a greater portion of the I, strands
to interact with the gate molecule and release the fluorescein from the gold surface.

Conclusion

This study presents a simple and elegant design of a full-subtractor using four single-stranded DNA
molecules whereas an electronic full-subtractor in silico would require combinational circuits to perform
subtraction. The proposed DNA-based logic operations rely on the interactions among the four DNA
strands to switch the gate molecule between hairpin and linear forms and to manipulate the duplex
formation of the input strands. These controllable conditions determine the on/off patterns of the fluo-
rescence signals, which correspond to the values in the Boolean truth tables of a full subtractor. The com-
pactness of the proposed design makes it a promising foundation for future applications and integrations
with other DNA-based computing devices, although there is a long road ahead toward integrating the
developed molecular systems for practical functions and competition with silicon-based technology. In
addition to the arithmetic operations, numerous logic gate systems have been synthesized and employed
on the DNA sensor development for medicinal applications'”*%. For example, logic gates designed with
colorimetric property may have the potential to form intelligent diagnostic devices in response to disease
markers. To summarize, the presented work provides a novel prototype for the future circuit design on
nanoscale for complicated arithmetic operations. Furthermore, it is also possible to adopt the design con-
cept demonstrated herein along with other arrangement to blueprint new systems for medicinal usage.

Methods

All of the oligonucleotides (gate molecule, inputs I, Iy and By,) in the current study were purchased from
Yao-Hong Biotechnology Inc. (HPLC grade, New Taipei City, Taiwan). Sodium chloride (A. R. grade),
potassium chloride, potassium dihydrogen phosphate (KH,PO,, >99.9%), and sodium phosphate diba-
sic (Na,HPO,, >99%) were purchased from ].T. Baker (Phillipsburg, NJ. USA). Deionized water used
in the preparation of phosphate buffered saline (PBS; 110 mM NaCl, 2mM KCl, 8 mM Na,HPO,, 2mM
KH,PO,, pH=7.4) and for rinse solutions was 18.2 M, and was produced by PURELAB Ultra (ELGA,
Albania). All purchased chemicals were used as received, unless noted otherwise.

To prepare the full-subtractor’s gate molecules, 2pL of 50M gate molecules were dissolved in PBS
and pipetted on a screen-printed gold substrate with a 4-mm diameter (DropSens, Spain) for immobili-
zation for 30 min. The gate-coated gold surfaces were then rinsed with 50 pL of PBS to remove unbound
molecules.

Hybridization of the hairpin probes on the gold surface was performed at room temperature for
30 min, after the same number of molecules (i.e., 2L of 50 M) of (i) I, Iy, or By, (ii) Iy+1Ip, I,+B,, or
Ig+B;,, (iii) By, added to I,+I; molecules was applied under the same buffer conditions. During all pro-
cesses including gate immobilization and hybridization, all DNA molecules were covered with aluminum
foil to prevent photobleaching.

The fluorescence intensities were monitored using a fluorescence spectrophotometer (F7000, Hitachi
High-Technologies, Japan), equipped with a solid sample holder. The detector voltage was set at 550 V.
The excitation and emission wavelengths were 430, 625nm, and 520, 662nm for fluorescein and Cy5,
respectively. The peak bandwidths were around +20~25nm. The relative intensities of the samples were
calculated using I= Lyyiq—Tpianks Where Typq and Ty are the respective fluorescence intensities of the
gate molecule on gold after and before hybridization with the target sequences.

Figure 2 demonstrates the sensitivity of I, and Iy concentrations on the aforementioned gate-coated
gold surface. As indicated in Fig. 2(A) where I, strand was added to turn the hairpin shaped gate
molecule into linear form to release the fluorescein signal, the concentration-dependent sensitivity is
betweennm and pM for I,. In Fig. 2(B), I strand was added to transform gate molecule to linear con-
formation and both the Cy5 and fluorescein signals were observed. Because of low quantum efficiency
of Cy5, the concentration-dependent sensitivity of I is around pM.
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Figure 2. The concentration-dependent sensitivity of I, and Iy on the DNA gate coated on the gold surface.
(A) Is concentration-dependent sensitivity is between nm and pM. (B) Because of low quantum efficiency
of Cy5, Iy’s concentration-dependent sensitivity is around pM.
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Figure 3. Agarose gel electrophoresis of reaction products. From left to right: lane P, gate molecule (29 nt),
lane I, + P, gate molecule reacted with I, (46nt), lane Iz+ P, gate molecule reacted with Iy (76nt), and
lane B,, + P, gate molecule reacted with B;, (76 nt). The gate molecule alone and the three combinations
underwent in heating and annealing procedure. The reacted products were analyzed by 3% agarose gel
electrophoresis and detected by ethidium bromide staining.

A gel electrophoresis experiment was carried out to characterize the hairpin structure of the gate mol-
ecule. The mole ratio between gate molecule and I,/I3/B;, is 1:1. After heating and annealing, the reacted
product was analyzed by 3% agarose gel electrophoresis. As shown in Fig. 3, the band positions for gate
molecule (29nt) alone in lane P, gate molecule hybridized with I, (46nt) in lane I,4P, gate molecule
hybridized with I (76 nt) in lane I;+P, and gate molecule hybridized with By, (76 nt) in lane B;,+P agree
with the mobility due to the size difference. Meanwhile, ethidium bromide staining indicated the gate
molecule alone is in hairpin conformation with a stem region to intercalate ethidium bromide.

References
1. Simmel, F. C. & Yurke, B. A DNA-based molecular device switchable between three distinct mechanical states. Appl Phys Lett
80, 883-885 (2002).
. Turberfield, A. J. et al. DNA fuel for free-running nanomachines. Phys Rev Lett 90, 118102 (2003).
. Shin, J. S. & Pierce, N. A. Rewritable memory by controllable nanopatterning of DNA. Nano Lett 4, 905-909 (2004).
. Adleman, L. M. Molecular computation of solutions to combinatorial problems. Science 266, 1021-1024 (1994).
. Stojanovic, M. N. & Stefanovic, D. Deoxyribozyme-based half-adder. ] Am Chem Soc 125, 6673-6676 (2003).
. Yang, C. N,, Hsu, C. Y. & Chuang, Y. C. Molecular beacon-based half-adder and half-subtractor. Chem Comm 48, 112-114
(2012).
7. Xu, S. L, Li, H. L., Miao, Y. Q, Liu, Y. Q. & Wang, E. K. Implementation of half adder and half subtractor with a simple and
universal DNA-based platform. NPG Asia Mater 5, €76 (2013).
8. Yang, C. N, Chen, Y. L., Lin, H. Y. & Hsu, C. Y. An optical deoxyribonucleic acid-based half-subtractor. Chem Comm 49,
8860-8862 (2013).
9. Lederman, H., Macdonald, J., Stefanovic, D. & Stojanovic, M. N. Deoxyribozyme-based three-input logic gates and construction
of a molecular full adder. Biochemistry 45, 1194-1199 (2006).

AN U W

SCIENTIFIC REPORTS | 5:10686 | DOI: 10.1038/srep10686 5



www.nature.com/scientificreports/

10. Lamaniya, A. & Patel, B. Design of Full Adder and Full Subtractor using DNA Computing. Int ] Latest Trends Eng Technol 3,
12-16 (2014).

11. Li, W,, Yang, Y., Yan, H. & Liu, Y. Three-input majority logic gate and multiple input logic circuit based on DNA strand
displacement. Nano Lett 13, 2980-2988 (2013).

12. Pu, E, Liu, Z., Yang, X, Ren, J. & Qu, X. DNA-based logic gates operating as a biomolecular security device. Chern Comm 47,
6024-6026 (2011).

13. Hong, W. et al. A DNA-based and electrochemically transduced keypad lock system with reset function. Chemistry 18, 14939
14942 (2012).

14. Zhu, J. et al. A visible multi-digit DNA keypad lock based on split G-quadruplex DNAzyme and silver microspheres. Chem
Comm 49, 5459-5461 (2013).

15. Liu, Y. ef al. An aptamer-based keypad lock system. Chem Comm 48, 802-804 (2012).

16. Frezza, B. M., Cockroft, S. L. & Ghadiri, M. R. Modular multi-level circuits from immobilized DNA-based logic gates. ] Am Chem
Soc 129, 14875-14879 (2007).

17. Benenson, Y., Gil, B., Ben-Dor, U.,, Adar, R. & Shapiro, E. An autonomous molecular computer for logical control of gene
expression. Nature 429, 423-429 (2004).

18. Lee, J. H,, Yigit, M. V., Mazumdar, D. & Lu, Y. Molecular diagnostic and drug delivery agents based on aptamer-nanomaterial
conjugates. Adv Drug Deliv Rev 62, 592-605 (2010).

19. You, M. et al. DNA “nano-claw”: logic-based autonomous cancer targeting and therapy. ] Am Chem Soc 136, 1256-1259 (2014).

20. Teller, C. & Willner, I. Functional nucleic acid nanostructures and DNA machines. Curr Opin Biotechnol 21, 376-391 (2010).

21. Bonnet, J., Subsoontorn, P. & Endy, D. Rewritable digital data storage in live cells via engineered control of recombination
directionality. Proc Natl Acad Sci USA 109, 8884-8889 (2012).

22. Bonnet, ], Yin, P, Ortiz, M. E., Subsoontorn, P. & Endy, D. Amplifying genetic logic gates. Science 340, 599-603 (2013).

23. Du, H,, Disney, M. D, Miller, B. L. & Krauss, T. D. Hybridization-based unquenching of DNA hairpins on au surfaces: prototypical
“molecular beacon” biosensors. ] Am Chem Soc 125, 4012-4013 (2003).

24. Jiang, Q., Wang, Z. G. & Ding, B. Programmed colorimetric logic devices based on DNA-gold nanoparticle interactions. Small
9, 1016-1020 (2013).

Acknowledgments
The authors gratefully acknowledge the financial support provided for this study by the National Science
Council of Taiwan (NSC 102-2113-M-390 -007 -MY2 and NSC.103-2923-E-390- 001 -MY2).

Author Contributions

C.N.Y. supervised the project. H.Y.L. conceived the idea of this study and its corresponding experimental
design. J.Z.C. and H.Y.L. performed the experiments and discussed the results. C.N.Y. and H.Y.L. wrote
the manuscript text and prepared figures 1-3. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lin, H.-Y. et al. A simple three-input DNA-based system works as a full-
subtractor. Sci. Rep. 5, 10686; doi: 10.1038/srep10686 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:20686 | DOI: 10.1038/srep10686 6


http://creativecommons.org/licenses/by/4.0/

	A simple three-input DNA-based system works as a full-subtractor

	Conclusion

	Methods

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (A) A schematic representation of the proposed full-subtractor.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The concentration-dependent sensitivity of IA and IB on the DNA gate coated on the gold surface.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Agarose gel electrophoresis of reaction products.
	﻿Table 1﻿﻿. ﻿  Sequences used in the gate molecule and three inputs including IA (the minuend), IB (the first subtrahend), and Bin (the second subtrahend).



 
    
       
          application/pdf
          
             
                A simple three-input DNA-based system works as a full-subtractor
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10686
            
         
          
             
                Hung-Yin Lin
                Jian-Zhou Chen
                Hao-Yi Li
                Chia-Ning Yang
            
         
          doi:10.1038/srep10686
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10686
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10686
            
         
      
       
          
          
          
             
                doi:10.1038/srep10686
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10686
            
         
          
          
      
       
       
          True
      
   




