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a b s t r a c t 

Over the past few decades, DNA-based computing technology has become a rapidly developing technol- 

ogy and shown remarkable capabilities in handling complex computational problems. However, most of 

the logical operations that DNA computer can achieve are still very basic or using large-scale operations 

to realize complex functions, especially in mathematics. Graphene oxide (GO) is an ideal nanomaterial 

for biological computing, which has been used in our previous work to perform basic logic operations. 

Here, we utilize GO to implement far more complex and large-scale logical computing. For the first time, 

in this work, we utilize the unique interaction between GO and a variety of classified single-stranded 

DNAs as the reaction platform, by segmenting and encoding the DNA sequences, and programming the 

interactions between inputs and between the inputs and reaction platform, two relative large-scale logic 

operations, 6-bit square-root and 9-bit cube-root logical circuits are realized. This study provides a sim- 

ple but efficient method for advanced and large-scale logical mathematic operations in biotechnology, 

opening a new horizon for building biocomputer-based innovative functional devices. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1

n

l

a

W

o

b

o

d

n

a

n

l

c

h

1

Statement of significance 

The overarching objective of this paper is to construct a novel 
DNA mathematic calculating system driven by the displace- 
ment of DNA strands and graphene oxide (GO). Based on 

the same DNA/GO platform and DNA hybridization mecha- 
nism, two relative large-scale mathematic calculations, 6-bit 
square-root and 9-bit cube-root logical operations are both 

realized simultaneously through the reactions between the 
inputs and between the inputs and the platform. This work 
provides an easy approach for DNA computing technology to 
implement novel functional devices and concrete large-scale 
mathematic calculations. This study is expected to realize 
large-scale and more complex mathematic calculations and 

avoid the problems of design complexity and manufacturing 
cost compared to the logical circuits in traditional computing. 
∗ Corresponding authors. 

E-mail address: cyzhou@ciomp.ac.cn (C. Zhou). 
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. Introduction 

Today, silicon-based computer plays a dominant role in tech- 

ological fields [1–2] . Modern computing is based on the Boolean 

ogic operations, binary numbers are used to perform logical oper- 

tions that assigned “true” to “1” in bit form and “false” to “0” [3] . 

hile facing the challenges of the miniaturization/limited capacity 

f silicon and the ever-increasing computational demands, other 

iomolecules are examined as an alternative to silicon for logical 

perations, which is expected to solve complex problems that are 

ifficult to handle by traditional silicon-based computers [4–12] . A 

umber of bottom-up approaches have led to some successful ex- 

mples, such as Turing machine simulations [13] , chemical reaction 

etworks [14–17] , automated cellar simulations [13] , and molecu- 

ar logical computation [18–21] . Different from silicon-based logic 

omputing, molecular logical computation utilizes binary-encoded 

iomolecules as inputs (absence as “0”/presence as “1”) and op- 

ical/electrochemical signals as outputs (low as “0”/high as “1”). 

mong various biomolecule-based logic systems, DNA is an out- 

tanding candidate because of its high computing capability, cost- 

https://doi.org/10.1016/j.actbio.2020.09.054
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2020.09.054&domain=pdf
mailto:cyzhou@ciomp.ac.cn
https://doi.org/10.1016/j.actbio.2020.09.054
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ffectiveness, flexible design, and controllable structure. Particu- 

arly, DNA pairing is governed by the Watson-Crick base pairing, 

.e., A binds to T and C binds to G [22–27] . 

In recent years, many DNA logical circuits are constructed to 

mplement multiple functions based on enzyme-catalyzed reac- 

ions [28,29] , functional DNA structures [30,31] and DNA-based 

ybridizations [32–36] . Many basic/advanced logical DNA opera- 

ions, such as AND, OR, XOR, INHIBIT, XNOR, NAND, NOR, IM- 

LICATION logical gates or even functional logic circuits, are re- 

lized through rigorous design [37–40] . However, despite signif- 

cant advancements in DNA computing, there are still a range 

f restrictions. First of all, most DNA logic devices currently can 

nly produce monochromic or undetectable optical signals, which 

argely restrict the further development of biocomputing complex- 

ty for more outputs. Secondly, most of the DNA logic circuits are 

till incapable of realizing complex mathematical operations, such 

s the square root logic operation and the cube root calculating 

peration, which could only be carried out to realize square root 

ircuits [26,50] . Thirdly, the lack of an integration platform to in- 

egrate multiplex logic operations into one platform is also a chal- 

enge. In this work, an intelligent universal system is constructed 

o realize not only relative large-scale mathematical calculations of 

quare root logic operations but also cube root logic operations. 

urthermore, the logic devices with multiple outputs developed in 

his work can be easily integrated into higher-order logic arrays 

r even networks through multiple parallel operations, similar to 

ireless integration in electronics [26,41] . 

As a kind of water-soluble material, graphene oxide (GO) has 

xcellent catalytic, electronic, and optical properties, and has at- 

racted a great amount of attention due to its physical and chem- 

cal characters. Particularly, GO has the property of quenching 

he fluorescence nearby through the fluorescence resonant energy 

ransfer (FRET) [42,43] . Interestingly, GOs presents the ability of 

dsorbing single-stranded DNA on its surface due to the high affin- 

ty between them through pi-stacking interactions. However, GO 

hows a weak affinity to duplex DNA, which allows for flexible reg- 

lation of the output signals during biomolecular logic operations 

44–51] . Based on the above properties of GO, in this work, for the 

rst time, two logical operations, 6-bit square-root and 9-bit cube- 

oot logical circuits, are designed based on the unique GO/DNA 

latform to implement the relative large-scale biomolecular-based 

athematical calculations by segmenting and encoding the DNA 

equences, and programming the interactions between inputs and 

etween the inputs and reaction platform, the 6-bit square-root 

nd 9-bit cube-root mathematic calculations are successfully real- 

zed. More complex and systematic logic operations can be realized 

n future studies to achieve further integration and modularization 

f biological computing. 

. Experimental section 

.1. Materials and apparatus 

All the DNA strands used in this work are purchased 

rom Sangon Biotechnology Company (Shanghai, China) and the 

NA sequences are listed in the Supporting Information (Table 

1). The Acrylamide, ammonium persulfate, Tris (hydroxymethyl) 

minomethane and Boric acid are purchased from Aladdin bio- 

hemical technology co. LTD.. EDTA is purchased from Sangon 

iotechnology Company. All chemicals used in this work are of 

nalytical reagent without further purification. The concentra- 

ions of all the DNA sequences are quantified by Nanodrop One 

rom Thermo with the following extinction coefficients ( ε260 nm, 

 

-1 cm 

-1 ): A = 15,400, T = 8700, G = 11,500, C = 7400. All so-

utions have been prepared by ultrapure water (18.2 M �• cm) ob- 

ained from Milli-Q purification system. 
45 
The fluorescence emission spectra are obtained from the Cary 

clipse Fluorescence Spectrophotometer purchased from Agilent 

echnologies in Tris–HCl buffer (20 mM Tris–HCl, 200 mM KCl, 

0 mM MgCl 2 , pH 8.0) in room temperature. The excitation of ROX, 

EX and Cy5 are performed at 585, 537 and 632 nm, respectively. 

he emission wavelengths of the ROX, HEX and Cy5 are recorded at 

05, 556 and 663 nm. The native polyacrylamide gel electrophore- 

is experiments are done in the electrophoresis tank purchased 

rom Bio Rad. The gel images are obtained by the BioDoc-It2 Im- 

ger from UVP. 

.2. Preparation of GO 

Graphene oxide is synthesized based on Hummers work [54] . 

n brief, graphite powder (5 g), P 2 O 5 (5 g) and K 2 S 2 O 8 (5 g) are

ixed and added to H 2 SO 4 solution (98%, 35 mL). Then, the mix- 

ure is heated to 80 °C for 4 h under constant stirring and cooled 

own. After adding water, the product is collected and centrifuged 

nd then filtered to remove the acid. Next, the precipitate is dis- 

olved in H 2 SO 4 and KMnO 4 (30 g) is added under constant stir. 

fter 24 h, H 2 O (1200 mL) is added and stirred for 3 h. Finally,

fter adding H 2 O 2 (35%, 40 mL) to the solution, the color of the 

ixture is changed to yellow. The product is filtered and washed 

sing HCl and H 2 O, and then loaded in dialysis tubes and purified 

or 2 weeks to remove any remaining metal. 

.3. Statistical analysis 

Before the operation of DNA-based square root and cube root 

ogic circuits, the optimized experiments have been done by the 

ybridization of DNA strands. First of all, the optimized concentra- 

ion of the GO in the platform is confirmed based on the fluores- 

ence intensity of ROX, HEX and Cy5 that modified on the fixed 

oncentrations of F1, F2 and F3 (100 nM) (in Fig. S2). Secondly, the 

oncentrations of the individual-DNA strands on the surface of GO 

re optimized to perform at a lower background. The concentra- 

ions of the F1, F2, and F3 are confirmed to be 100 nM, 100 nM

nd 100 nM, respectively. Thirdly, for the square-root DNA logic 

peration, the optimized concentrations of the inputs (S1, S2, S3, 

4, S5 and S6) are confirmed based on the fluorescence intensity 

f ROX, HEX, and Cy5 to be 550 nM, 500 nM, 550 nM, 550 nM,

100 nM, and 800 nM, respectively (Fig. S3). Then, the optimized 

oncentrations of the inputs (C6, C7, C8 and C9) in the logic circuit 

f cube root are confirmed based on the fluorescence intensity of 

OX, HEX, and Cy5 as 1400 nM, 1200 nM, 1100 nM, and 10 0 0 nM,

espectively (Fig. S6). Particularly, the input strands of DNA (C1, C2, 

3 and C4) in the cube root operation have the same sequences 

nd the same reactions as the inputs (S1, S2, S3 and S4) in the 

quare root system. Therefore, the optimized concentrations of the 

nputs (C1, C2, C3 and C4) in the logic circuit of cube root are con-

rmed as 550 nM, 500 nM, 550 nM, and 550 nM, which are based 

n the fluorescence intensity of ROX, HEX, and Cy5. 

.4. Logic circuit operation 

The DNA sequences are dissolved in deionized water as stock 

olution and diluted with Tris–HCl buffer (20 mM Tris–HCl, 10 mM 

gCl 2 , 200 mM KCl, pH 8.0) for the hybridization in the logic op- 

rations. Before used, the diluted DNA solutions are heated at 90 

C for 10 min and then gradually cooled down to the room tem- 

erature. The platform of the square-root and cube-root system is 

repared by mixing GO (2.5 μg/mL) and DNAs with fluorephore 

100 nM, F1, F2 and F3) for 10 min at room temperature. After 

hat, calculations can be activated by adding corresponding inputs 

ccording to the truth table for the realization of square-root and 

ube-root logic computing. The optimized concentrations of inputs 
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Fig. 1. The summary of the hybridization reaction mechanism for the square-root and cube-root operation. (a) The hybridization mechanism of the square-root and cube-root 

operations. Left side: the hybridization mechanism of square-root operation between inputs and the DNA/GO platform. Right side: the hybridization mechanism of cube-root 

operation between inputs and the DNA/GO platform. (b) The interactions between the inputs and the DNA/GO platform for 6-bit the square-root and the 9-bit cube-root 

mathematic calculations. (c) The fluorescence changes before and after the inputs are added. 

a

i

e

i

2

w

p

d

p

3

t

1  

f

l

3

a

l

t

b

i

i

i

t

b

w

f

o

a

c

a

nd GO/DNA platform are mixed to a final volume of 400 μL and 

ncubated at room temperature for 30 min. Fluorescence kinetic 

xperiments have been implemented based on DNA/GO platform 

n our previous work and the reacting time is about 30 min [55] . 

.5. Native polyacrylamide gel electrophoresis (PAGE) 

Before used, all the DNA stock solutions are diluted to 2 μM 

ith Tris–HCl buffer (20 mM Tris–HCl, 200 mM KCl, 10 mM MgCl 2 , 

H 8.0) and denatured by heating at 90 °C for 10 min. After cooled 

own to the room temperature slowly, the desired volume of the 

latform and corresponding inputs are mixed and incubated for 

0 min. After the preparation of 15% native polyacrylamide gel, 

he electrophoresis is conducted in 1 ×TBE (17.8 mM boric acid, 

7.8 mM Tris, 2 mM EDTA, pH 8.0) at a constant voltage of 120 V

or about 1 h. Finally, the finished gels are scanned by UV transil- 

uminator. 
46 
. Results and discussions 

In this work, in order to develop a programmable method to re- 

lize the relative large-scale 6-bit square-root and 9-bit cube root 

ogic circuits, the key mechanism that enables DNA logic circuits 

o be rationally programmed is based on the powerful DNA hy- 

ridization, toehold-mediate DNA strand displacement (TDSD) and 

nteractions between DNA and nanomaterials. The detailed react- 

ng mechanism between single/double DNA and GO is illustrated 

n Fig. S1. In particular, the interactions of DNAs and GO used in 

his work can dynamically and flexibly operate the fluorescence- 

ased output signals according to the unique characters of GO, 

hich opens up the possibility of programming DNA/GO platform 

or larger scale biocomputing. In contrast to previous works, most 

f them are based on the DNA hybridization, catalytic nucleic acid 

nd enzymes to operate the logical circuits, which largely limit the 

omplexity and reaction environment of the biocomputing. For ex- 

mple, by integrating the basic logic units, Qian and coworkers re- 
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Fig. 2. (a) Truth table of the 6-bit square-root logic calculations. (b) Truth table of the 9-bit cube-root logical calculations. 
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lized the calculation of 4-bit square root logic operation [26] . In 

ur previous work, by utilizing the DNA hybridization and TDST, a 

0-bit square-root logic circuit was realized [52] . However, in this 

ork, by programming the hybridization between the input DNAs 

nd DNA/GO reaction platform, two algorithms logic circuits (6-bit 

quare root and 9-bit cube root logic circuits) are realized using 

he same GO/DNA platform, which shorten the reacting time and 

omplexity compared to strand displacement reaction in our pre- 

ious work [53] . 

As shown in Fig. 1 a, a multifunctional and high-capacity react- 

ng platform is established, which can calculate the square root of 

 6-bit binary number (within the decimal integer 50) or the cube 

oot of 9-bit binary number (within the decimal integer 500). The 

eacting platform is consisting of GO and a variety of fluorescence 

odified single-stranded DNAs that adsorb on the surface of GO. 

n the initial state, three kinds of fluorescent (ROX, HEX and Cy5, 

mission max at 605 nm, 556 nm and 663 nm) labeled DNAs (F1, 

2 and F3) are attached on GO and quenched by it, emitting three 

ow fluorescence signals ( Fig. 1 c, black curves). In order to realize 

he 6-bit square root and 9-bit cube root logic operations (truth 

ables in Fig. 2 ), there are two aspects to be programmed between 

he inputs and the platform. First, programming the hybridization 

eactions between a single input DNA and the platform, which 

ims to not only realize a part of the relatively simple calculations, 

ut also lay a foundation for the relatively complex calculations. 
47 
s shown in Fig. 1 a, in 6-bit square root logic system, different 

ndividual input DNAs can hybridize with its unique fluorescence 

odified DNA on GO, which can be enhanced to show a high fluo- 

escence output signal ( Fig. 1 c, the colorful curves). For example, as 

hown in Fig. 1 b, in order to realize the 6-bit square root logic op-

ration (within the decimal integer 50), the ROX fluorescence that 

odified on F1 is programmed to be lit up by input S1, with the 

alculating result is decimal integer “
√ 

1 = 1 ” (F3F2F1 = 001). The 

EX fluorescence that modified on F2 is encoded to be lit up by in- 

ut S3 or S4. Especially, in the case of adding input S3 to the plat-

orm, which can calculate the square root decimal integer “4” to be √ 

4 = 2 ” (F3F2F1 = 010). The fluorescence of Cy5 that modified on 

3 is encoded to be lightened up by input S5, with the calculation 

esult is decimal integer “
√ 

16 = 4” (F3F2F1 = 100). The input S6 is 

rogrammed to hybridize with both F2 and F3, lighting up the flu- 

rescence of HEX and Cy5. Second, programming the hybridization 

eactions between inputs and between inputs and platform for the 

ealization of other more complex calculations, in which there are 

ultiple input DNAs involved. For example, as shown in Fig. 1 b, in 

he case of calculating the square root of decimal integer “49” in 

-bit square root logic operation, three inputs (S1, S5 and S6) are 

ncoded to add to the platform. At this point, hybridizations occur 

ot only between the inputs, but also between the inputs and the 

latform. By utilizing the same platform, a 9-bit cube-root logic 

peration (within the decimal integer 500) can also be realized by 
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Fig. 3. Reaction mechanism of the 6-bit square root logic operation. The detail hybridization reactions are listed between the six inputs and the DNA/GO platform for the 

realization of the 6-bit square root mathematic calculation. 
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ncoding the nine inputs (C1-C9) to hybridize with the DNA/GO 

latform according to the truth table and output the correspond- 

ng fluorescence signals (shown in Fig. 1 b, 1 c). 

As shown in Fig. 2 a and 2 b, in order to calculate the 6-bit

quare-root and 9-bit cube-root logic operations, the program- 

ing values of input variables and corresponding output values 

re listed, which is the so-called truth table. The truth table can 

re-plan and code the logical relationship between the inputs 

nd outputs of logical operations in a binary language. Once the 

alue of the input has been determined, the corresponding out- 

ut value can be found in the table. For input, the absence of the 

nput is defined as “0”, otherwise, it is defined as “1” for pres- 

nce. For output, the enhanced fluorescence intensity is defined 

s “1”, otherwise, it is defined as “0” for the low fluorescence 

ntensity. 

.1. Square root operation 

Fig. 3 shows the working principle for the implementation 

f the 6-bit square-root logic operation by summarizing the hy- 

ridization reactions between inputs and the interactions between 

nputs and DNA/GO platform. Firstly, the DNA/GO platform is pre- 

ared in advance before operating the 6-bit square root logic cir- 

uit. The optimized interactions of fluorescence modified DNA (F1, 

2 and F3) and GO are studied (Supporting information, Fig. S2 a- 

). Different concentrations of the inputs (S1, S2, S3, S4, S5 and 

6) are optimized (Fig. S3). As shown in Fig. 3 , in the initial state,

o input is added, and the three fluorescence signals that are 
48 
uenched by GO remain low (which is defined as “0 0 0” in truth ta- 

le, with the corresponding fluorescence spectrum in Fig. 4 , curve 

0, b0 and c0). In the calculation of the square-root decimal inte- 

er “1” (binary number of “0 0 0,0 01”), the input S1 (1 ∗) is added

o the DNA/GO platform ( Fig. 3 ) and hybridizes with F1 (1), form- 

ng the duplex S1/F1 and desorbing from the surface of GO. Such 

eaction leads to an increased fluorescence of ROX and the rela- 

ive low fluorescence of HEX and Cy5 ( Fig. 4 , curve a1, b1, and c1).

n this case, the enhanced ROX fluorescence is defined as “1” and 

he relative low fluorescence of HEX and Cy5 are defined as “0”

n truth table ( Fig. 2 a), representing the square-root calculating re- 

ult is “
√ 

1 = 1 ” (output binary number of “001”). For the calcula- 

ion of the decimal integer “2” (binary number of “0 0 0,10 0”), the 

nput S3 (2 ∗) is introduced into the platform and binds with F2 

2) to form the duplex S3/F2 and desorb from the surface of GO. 

n this case, the HEX fluorescence is increased and defined as “1”

 Fig. 4 , curve b2). The fluorescence of ROX and Cy5 remain low and

re defined as “0” ( Fig. 4 , curve a2 and c2), illustrating the square-

oot calculating result is “
√ 

4 = 2 ” (output binary number of “010”). 

n the calculation of square-root decimal integer “3” (binary num- 

er of “0 01,0 01”), the inputs S1 (1 ∗) and S4 (2 ∗) are added into

he platform and hybridize with F1 and F2 respectively, forming 

he duplex of S1/F1 and S4/F2 to depart away from GO ( Fig. 3 ). In

his case, the fluorescent signals of ROX and HEX are lit up ( Fig. 4 ,

urve a3 and b3) and defined as “1”, on the contrary, the fluores- 

ent signal of Cy5 remains low ( Fig. 4 a, curve c3) and is defined as

0”, showing the square-root calculation result of “
√ 

9 = 3 ” (out- 

ut binary number of “011”). In order to implement the square- 
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Fig. 4. The fluorescence signal outputs of the platform with the corresponding inputs to demonstrate the successful operation of 6-bit square root mathematic calculations, 

which is corresponding to Fig. 3 . 
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oot decimal integer “4” (binary number of “010,0 0 0”), the input 

5 (3 ∗−2) is added into the DNA/GO platform and hybridizes with 

3 (3 ∗), forming the duplex S5/F3 and desorbing from the surface 

f GO ( Fig. 3 ). Such hybridization results in an enhanced fluores- 

ence of Cy5 ( Fig. 4 , curve c4) and relative low signals of ROX and

EX ( Fig. 4 , curve a4 and b4), representing the calculating result is √ 

16 = 4 ” (output binary number of “100”). In order to calculate 

he square-root decimal integer “5” (binary number of “011,001”), 

he inputs S1 (1 ∗), S4 (2 ∗) and S5 (3 ∗−2) are encoded to add to the

latform. In this case, the input S1 can hybridize with F1. The in- 

uts S4 and S5 have the priority to hybridize with each other and 

orm the duplex S4/S5, which can then hybridize with F3 and form 

he DNA strand of S4/S5/F3 to desorb from GO. Such reactions light 

p the fluorescence signals of ROX and Cy5 ( Fig. 4 , curve a5 and

5), with the HEX fluorescence keeps low-state ( Fig. 4 , curve b5), 

epresenting the square-root calculating result of “
√ 

25 = 5 ” (out- 

ut binary number of “101”). In the calculation of decimal integer 

6” (binary number of “100,100”), inputs S3 (2 ∗) and S6 (2 ∗−3 ∗) 

re added to the platform. In this case, S3 can hybridize with F2 
49 
o form S3/F2. The S6 can hybridize with both F2 and F3 to des- 

rb from GO. Therefore, the fluorescence signals of HEX and Cy5 

re enhanced and defined as “1” ( Fig. 4 , curve b6 and c6), the ROX

uorescence keeps low and is defined as “0” ( Fig. 4 , curve a6) in

ruth table, with the square-root calculation result of “
√ 

36 = 6 ”

output binary number of “110”). In order to calculate the square- 

oot decimal integer “7” (binary number of “110,001”), the inputs 

f S1 (1 ∗), S5 (3 ∗−2) and S6 (2 ∗−3 ∗) are added to GO/DNA plat-

orm and hybridize with F1, F2 and F3 respectively, forming the 

uplex of S1/F1 and S5/F3 and desorbing from GO surface. S6 hy- 

ridizes with both F2 and F3 to trigger the signals of HEX and Cy5. 

n this case, all the fluorescence outputs (ROX, HEX and Cy5) are 

it up ( Fig. 4 , a7, b7 and c7) and defined as “1”, with the square-

oot result of “
√ 

49 = 7 ” (output binary number of “111”). In or- 

er to further verify the DNA hybridization between the inputs and 

he DNA/GO platform in the 6-bit square-root logic system, the na- 

ive polyacrylamide gel electrophoresis (PAGE) experiments are im- 

lemented, with the details explained in Supporting Information 

Fig. S4). 
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Fig. 5. The detail reaction mechanism of the 9-bit cube root logic operation. The hybridization reactions between the DNA/GO platform and nine inputs for the realization 

of the 9-bit cube root logic operation. 
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In order to avoid the influence of experimental errors on the 

rithmetical operation, a threshold analysis is conducted on the in- 

ensity of fluorescence signal, that is, only when the fluorescence 

ntensity is high enough can it be defined as binary “1”, otherwise 

t can be defined as “0”. As shown in Fig. S5, the normalized flu- 

rescence intensities of the outputs (ROX, HEX and Cy5) at max- 

mum peaks are plotted to define the threshold value. The func- 

ion of the threshold value is to make the output signals elimi- 

ate interference and still achieve ideal digital ON and OFF lev- 

ls, despite the possible signal interference in the case of multi- 

le input signals. Also, when some fluorescence background signal 

nevitably rises caused by experimental errors, it will not exceed 

he defined threshold value, and it will not affect the operation 

esults. 

.2. Cube root operation 

Based on the same multifunctional GO/DNA platform, a 9-bit 

ube-root logic operation is implemented. Fig. 5 exhibits the work- 

ng mechanism to implement the 9-bit cube-root logical system 

y summarizing the interactions between the inputs and DNA/GO 

latform. Before operating the 9-bit cube-root logical circuits, dif- 

erent concentrations of the inputs (C1, C2, C3, C4, C5, C6, C7, C8 

nd C9) are optimized (Fig. S3 a-d and Fig. S6 a-d). In the initial

tate, no input is added, the fluorescence that modified on F1, F2 

nd F3 are quenched by GO and remain low, which is defined as 

0 0 0” in truth table (corresponding fluorescence spectrum in Fig. 6 , 

urve a0, b0 and c0). In the cube-root decimal integer “1” (binary 
50 
umber of “0 0 0,0 0 0,0 01”), the input C1 is added into the platform

nd hybridizes with F1 (1) ( Fig. 5 ), enhancing ROX fluorescence to 

e defined as “1”, while the other two fluorescence of HEX and Cy5 

emain low ( Fig. 6 , curve a1, b1 and c1) and are defined as “0” in

ruth table ( Fig. 2 b). Such operation represents the cube-root calcu- 

ation result of “
3 
√ 

1 = 1” (output binary number of “001”). In order 

o calculate the cube-root decimal integer “2” (binary number of 

0 0 0,0 01,0 0 0”), the DNA strand C4 (2 ∗) is added into platform and

ybridizes with F2 to form the double strands of C4/F2 to desorb 

rom the surface of GO ( Fig. 5 ). In this case, the HEX fluorescence

s lit up ( Fig. 6 , curve b2) and defined as “1”, the fluorescence sig-

als of ROX and Cy5 remain relatively low ( Fig. 6 , curve a2 and

2) and are defined as “0” in truth table, with the calculating re- 

ult of “
3 
√ 

8 = 2” (output binary number of “010”). In the calcula- 

ion of cube root decimal integer “3” (the input binary number of 

0 0 0,011,011”), the inputs of C1 (1 ∗), C2 (1 ∗), C4 (2 ∗) and C5 are

ntroduced into DNA/GO platform. The C1 and C2 are encoded to 

ybridize with F1 and C4 is encoded to hybridize with F2, forming 

he duplex strands of C1/F1, C2/F1 and C4/F2 and desorbing from 

he surface of GO ( Fig. 5 ). In this case, the resulting signals of ROX

nd HEX are enhanced ( Fig. 6 , curve a3 and b3) and defined as “1”,

owever, the Cy5 fluorescence remains low ( Fig. 6 , curve c3) and 

s defined as “0”, with the output signal of “011” and representing 

he cube-root operation result of “
3 
√ 

27 = 3 ”. In the calculation of 

ube-root decimal integer “4” (binary input of “0 01,0 0 0,0 0 0”), the 

nput C7 is added to the platform and hybridizes with F3, enhanc- 

ng the fluorescence of ROX that modified on F3 ( Fig. 6 , curve c4),

ith the output signal of “100” and representing the calculation 
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Fig. 6. The fluorescence signal outputs of the platform with the corresponding inputs to demonstrate the successful operation of 9-bit cube root mathematic calculations, 

which is corresponding to Fig. 5 . 
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esult of “
3 
√ 

64 = 4 ”. In order to implement the cube root calcula- 

ion decimal integer “5” (the input binary number of “001,111,101”), 

ultiple inputs of C1 (1 ∗), C3 (2 ∗), C4 (2 ∗), C5, C6 (2) and C7 (3 ∗)

re added to the platform. In this case, the C6 first hybridizes with 

3 and C4, forming the duplex of C3/C6 and C4/C6. C1 and C7 hy-

ridize with F1 and F3 respectively to form the duplex of C1/F1 

nd C7/F3. Therefore, the fluorescence ROX and Cy5 are enhanced 

o be defined as “1” and the HEX fluorescence remains low to be 

efined as “0” ( Fig. 6 , curve a5, b5 and c5), exhibiting the fluo- 

escence output of “101” and corresponding to the 9-bit cube-root 

athematic calculation of " 
3 
√ 

125 = 5 ". In calculating the cube-root 

ecimal integer “6” (the binary inputs of “011,011,0 0 0”), the inputs 

4 (2 ∗), C5, C7 (3 ∗) and C8 (3 ∗) are added to the DNA/GO plat-

orm. Both C7 and C8 are encoded to hybridize with F3, form- 

ng the duplex of C7/F3 and C8/F3 and desorbing from DNA/GO 

latform. Also, input C4 is encoded to hybridize with F2 to form 

he duplex of C4/F2. Therefore, the fluorescence of HEX and Cy5 

 Fig. 6 , curve b6 and c6) are increased and defined as “1”, show-
51 
ng the output fluorescence signal of “110” and the cube-root cal- 

ulation result of " 
3 
√ 

216 = 6 ". In order to implement the cube- 

oot calculation decimal integer “7” (the binary input number of 

101,010,111”), multiple inputs C1 (1 ∗), C2 (1 ∗), C3 (2 ∗), C5, C7 (3 ∗)

nd C9 (3 ∗) are introduced into the platform and hybridize with 

1, F2 or F3 to form double strands of C1/F1, C2/F1, C3/F2, C7/F3 

nd C9/F3, isolating F1, F2 and F3 from DNA/GO platform. In this 

ase, the three fluorescence outputs of ROX, HEX and Cy5 are lit 

p ( Fig. 6 , curve a7, b7 and c7) and defined as “1” in truth table,

orresponding to the signal reporter “111” and exhibiting the 9-bit 

ube-root calculation result of " 
3 
√ 

343 = 7 " 

As shown in Fig. S7, the normalized fluorescence intensities 

ROX, HEX and Cy5) at maximum peaks are plotted to make the 

ube-root calculations achieve ideal digital ON and OFF levels. To 

urther verify the DNA hybridization between the inputs and the 

NA/GO platform, the PAGE experiments are implemented, with 

he detail shown in Fig. S8. Also, based on the reacting mech- 

nism, some advanced functions can be implemented, such as 
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. Conclusions 

In conclusion, two mathematic calculations are established to 

ealize the 6-bit square-root and 9-bit cube-root operation based 

n the same DNA/GO platform and the DNA hybridization mech- 

nism. Firstly, the platform is prepared by fluorophore modified 

NAs and GO. Individual DNA strands (F1-ROX, F2-HEX and F3- 

y5) modified by fluorophore have the abilities of adsorbing on 

he surface of GO and emitting low signals due to FRET, which 

orms the initial low-background platform. In order to implement 

he mathematic logic calculations, multiple inputs (6-bit inputs for 

quare-root and 9-bit inputs for cube-root) are programmed to add 

nto the DNA/GO platform and react with platform, emitting the 

orresponding fluorescence outputs and realizing corresponding 

alculation results. To our best knowledge, this is the first time that 

-bit square-root and 9-bit cube-root operations are constructed 

ased on DNA hybridization mechanism and the same DNA/GO 

latform. Significantly, the realizations of the square-root opera- 

ion and the cube-root operation are based on DNA hybridization 

rogramming and the affinity between GO and single/double DNA 

trands, which provide an easy approach and a powerful database 

o open up an inspiring horizon to DNA technology for design- 

ng programmability of innovative functional devices and concrete 

athematic calculations. We promise to solve the problems of de- 

igning complexity and manufacturing cost of integrated devices in 

raditional computing by DNA-based biocomputing in the future. 
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