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By combination of graphene oxide with DNA, a universal 

platform was developed for integration of multiple logic gates 

to implement both half adder and half subtractor functions. A 

constant undefined threshold range between high and low 

fluorescence output signals was set for all the developed logic 10 

gates. 

Untraditional molecular computing is scientifically interesting 

and presents potential applications in extensive research fields.1, 2 

A key requirement of data processing is the ability to combine 

multiple molecular logic gates to perform arithmetic functions.3, 4  15 

Chemical logic gates are already able to perform basic and 

complex functions.5-8 As a powerful medium of processing 

information, DNA with well-ordered and predictable structure 

has been considered as excellent candidate for engineering of 

biomolecular circuits.9-13 Aptamer opens a new avenue for the 20 

design of biomolecular devices and logic gates due to its high 

specificity and affinity with extensive targets.14, 15 Large efforts 

have been focused on the fabrication of DNA-based logic gates 

with Boolean functions.16-21 With significant development of 

nanomaterials, the combination of biomolecules and 25 

nanomaterials has attracted great attention in various research 

fields such as nanotechnology, biosensors, molecular devices and 

materials science.22-26 Water-soluble nanomaterial, graphene 

oxide (GO), has been demonstrated to be promising platform for 

the construction of bioelectronic devices and biosensors due to 30 

the unique electronic, optical, mechanical and catalytic 

properties.27, 28 Various of logic gates performing basic Boolean 

functions have been developed on the basis of the combination of 

GO and DNA (GO/DNA).27, 29-33 To fulfill the requirements of 

increased computational complexity, however, it is of importance 35 

to integrate multiple and combinatorial logic gates in a universal 

platform, which is rarely reported.34-36 Encouraged by the 

progress on molecular logic gates, herein, multiple logic gates 

were integrated on a universal GO/DNA platform for the first 

time to implement both arithmetic functions of half adder (HA) 40 

and half subtractor (HS). 

A half adder is in high demand in information technology and 

can be used to construct more advanced computational circuits.17 

It can perform an addition operation of two binary digits by 

integration of an XOR gate and an AND gate in parallel to 45 

generate a SUM (S) output and a CARRY (C) output, 

respectively. And a half subtractor can perform a subtraction of 

two bits, which requires the combination of an XOR gate and an 

INHIBIT gate to produce a DIFFERENCE (D) output and a 

BORROW (B) output, respectively. The implementation of all 50 

logic gates is based on output signal switching between “1” and 

“0” triggered by inputs. Herein, two distinct fluorescent dyes 

FAM (6-carboxyfluorescein) and NMM (N-

methylmesoporphyrin IX) were selected as signal reporter for the 

required logic gates of HA and HS. 55 

 
Fig. 1 The operation mechanism of the developed half adder and half 

subtractor with the corresponding circuits. 

Fig. 1 outlines the operation mechanism. FAM labelled ss-

DNA was used as the template DNA (t-DNA) and mixed with 60 

GO and NMM as the initial platform. The fluorescent signal of 

NMM can be significantly enhanced once binding on G-

quadruplex (G-4),37, 38 whose formation depends on the 

interaction among the designed inputs and the platform. It is 

interesting that GO can act as a super nanoquencher to quench the 65 

fluorescence of various dyes via long-range resonance energy 

transfer (LrRET) 39 and can also differentiate DNA structures 

such as single-stranded DNA (ss-DNA), double-stranded DNA 

(ds-DNA) and G-quadruplex.40 ss-DNA can be trapped on GO via 

non-covalent π-π stacking interaction and is released from GO 70 

once forming ds-DNA or G-quadruplex.30 The fluorescent signal 

of FAM labelled on ss-DNA is then correspondingly modulated 

under the synergistic action of GO and DNA (See Figure S1, S3 

in supporting information (SI) and discussions in the main text). 
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To establish optimal conditions, concentrations of GO and DNAs 

were explored (See Figure S2-S3 in SI). The fluorescence of 

FAM shows a time-dependent restore after adding the inputs. The 

incubation time is then found after the fluorescence signal 

reaching a platform (See Figure S4 in SI). All the used DNA 5 

sequences can be found in Table 1. 

An XOR logic gate is required for both HA and HS functions. 

Thus, the discussion is firstly concentrated on the FAM-related 

XOR logic operation with HS function as a sample. In the 

absence of any input, the system keeps at its initial state. The t-10 

DNA binds on GO via noncovalent π-π stacking interaction, 

forming GO/t-DNA complex. A low fluorescence of FAM is 

monitored due to the LrRET between GO and fluorophore, Fig. 

2A (a). In the presence of either input, the t-DNA partially 

complements with HS-1 or HS-2 to form duplex of t-DNA/HS-1 15 

or t-DNA/HS-2 and then releases from the GO. The FAM 

fluorophore is then far away from the GO, leading a restored high 

output signal, Fig. 2A (b, c).41 In the coexistence of the two 

inputs, DNA duplex of HS-1/HS-2 is generated since it presents 

higher affinity than either t-DNA/HS-1 or t-DNA/HS-2. The 20 

hybridization of HS-1 and HS-2 suppresses desorption of t-DNA 

from the GO, producing a low output signal, Fig. 2A (d). Here, 

the input is defined as “1” or “0” when input is presence or 

absence. Similar to the approach used in electronics, the output 

signal has an undefined range that it is defined as “1” or “0” 25 

when the normalized fluorescent intensity is higher than 0.35 or 

lower than 0.25. The definition is available for all the logic gates 

in this work. The fluorescent responses of FAM at 521 nm was 

plotted as column bar in Fig. 2B, producing the corresponding 

truth table, Fig. 2D. Obviously, the result fits the characteristic of 30 

XOR logic gate which performs the DIFFERENCE digit function 

of HS. 

 
Fig. 2 (A) The output signals of FAM and NMM for the half subtractor 

operation triggered by the various inputs. (a, e) in the absence of the two 35 

inputs, (b, g) in the presence of HS-1 (250 nM), (c, f) in the presence of 

HS-2 (300 nM), (d, h) in the presence of the two inputs. The normalized 

fluorescence intensity of FAM at 521 nm (B) and NMM at 609 nm (C) as 

a function of the various inputs (HS-1 and HS-2). (D) The truth table of 

the HS logic operation. 40 

All the above mentioned DNA interaction was validated by 

analyzing the thermal melting curves of the formed DNA duplex, 

Fig. 3A. The melting temperature (Tm) is 41.4℃ and 49.4℃ for t-

DNA/HS-1 and t-DNA/HS-2, respectively. HS-1/HS-2 shows the 

highest melting temperature, 74.1℃, indicating the most stability 45 

among the DNA duplexes.42 Native polyacrylamide gel 

electrophoresis (PAGE) experiments were performed to further 

identify the DNA interactions, Fig. 3B. From Lane 1 to Lane 3, 

the belts show the individual DNA of t-DNA, HS-1 and HS-2 in 

sequence. In the coexistence of any two DNAs, (HS-1 and HS-2), 50 

(t-DNA and HS-1) or (t-DNA and HS-2), new belts appear from 

Lane 4 to Lane 6. The results indicate the formation of duplexes 

of HS-1/HS-2, t-DNA/HS-1 and t-DNA/HS-2. In the coexistence 

of HS-1, HS-2 and t-DNA, one belt appears at the level of t-DNA, 

another belt appears at the level of duplex HS-1/HS-2 as shown 55 

in Lane 7. The results of PAGE, Tm measurement and 

fluorescence experiments are consistent with each other. 

 
Fig. 3 (A) Thermal denaturation curves of the three DNA duplexes (1 

µM), t-DNA/HS-1, t-DNA/HS-2, and HS-1/HS-2. The absorbance was 60 

monitored at 260 nm, the interval temperature is 1℃ and the ramp rate is 

1℃/min. (B) PAGE analysis of t-DNA (1), HS-1 (2), HS-2 (3), HS-1/HS-

2 (4), t-DNA/HS-1 (5), t-DNA/HS-2 (6), and HS-1/HS-2 (7). 

The arithmetic function of HS is realized based on the 

performance of XOR and INHIBIT logic gates in parallel. As the 65 

requirement, a NMM related INHIBIT logic gate was realized 

accompanying the XOR logic gate in the developed system. In 

the absence of any input, the system shows a low fluorescent 

output signal of NMM, Fig. 2A (e). The input HS-2 is G-riched at 

3’-terminal and can form G-4 configuration (See Figure S5A in 70 

SI). NMM is then binding on G-4, producing a greatly enhanced 

signal, Fig. 2A (f). The input HS-1 is C-riched at 5’-terminal and 

cannot form G-4 configuration to enhance the NMM signal Fig. 

2A (g). In the coexistence of the two inputs, the formed duplex 

HS-1/HS-2 inhibits the formation of G-4. A low NMM 75 

fluorescent signal is then monitored. Fig. 2C shows the column 

bar of NMM signal at 609 nm, producing the truth table Fig. 2D. 

In briefly, the output of the system is “1” only when the input 

HS-2 is added, fitting the feature of an INHIBIT logic operation. 

According to the above discussion, the developed XOR logic gate 80 

and INHIBIT logic gate can be performed in parallel triggered by 

the same set of input, which code for the DIFFERENCE and the 

BORROW digits of HS, respectively.  

To fulfill the requirements of increased computational 

complexity, it is of importance to construct multi-component 85 

devices on a universal molecular platform.20 Here, the above 

developed GO/DNA platform was still used to further implement 

HA arithmetic logic function. For HA function, an XOR logic 

gate is also required. Thus, a similar strategy as that in HS was 

utilized to design the inputs of HA with FAM as signal indicator. 90 

Either input 1 (HA-1) or input 2 (HA-2) can strip the t-DNA from 

GO by forming duplex of t-DNA/HA-1 or t-DNA/HA-2. In the 
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coexistence of the two inputs, duplex of HA-1/HA-2 rather than 

t-DNA/HA-1 or t-DNA/HA-2 is formed, leaving the t-DNA on 

the GO surface. The DNA interactions were validated by thermal 

melting experiments (See Figure S6 in SI). The optimal 

experimental conditions were explored and can be found in 5 

supporting information (See Figure S7, S8). FAM reports high 

outputs in the presence of each of the inputs (Fig. 4A (b, c)) and 

low outputs in other cases (Fig. 4A (a, d)), corresponding to the 

required XOR logic operation. Besides an XOR logic gate, an 

AND logic gate is required for a HA function. Here, a split G-4 10 

(3:1) strategy was utilized to design the inputs with NMM as 

signal indicator. The HA-1 contains three guanine bases at 5’-

terminal and HA-2 contains G-rich sequence 

(GGGTTTTGGGTTTTGGG) at 3’-terminal. The G-4 cannot 

form when the system is subjected to any of the inputs or without 15 

inputs,43 producing a low output signal, Fig. 4A (e, f and g). 

When the two inputs are added simultaneously, G-4 is generated 

through hybridization of HA-1 and HA-2 (See Figure S5B in SI). 

NMM presents a dramatically enhanced fluorescence signal after 

its binding to the G-4, Fig. 4A (h). The normalized fluorescence 20 

responses of FAM (521 nm) and NMM (609 nm) were plotted as 

column bar in Fig. 4B and Fig. 4C, respectively, producing the 

corresponding truth table, Fig. 4D. According to the above 

discussion, the XOR and the AND logic gates were realized in 

parallel on the universal platform triggered by the same set of 25 

inputs and coded for SUM and CARRY digits, respectively. The 

results fulfill the requirements of HA logic function.  

The DNA logic gates are important components of DNA 

computing and have been demonstrated its application in 

biomedical field for disease diagnosis and therapy due to its 30 

biocompatibility.2 The logic operations demonstrated here also 

present potential application in disease diagnosis. For example, if 

two disease-related markers are used as inputs, the AND gate of 

the HA can perform function to present TRUE signal, indicating 

coexistence of the two markers. The XOR gate can perform 35 

function to present TRUE signal, indicating the existence of each 

marker. While, for potential application in disease diagnosis, one  

 
Fig.4 (A) The output signals of FAM and NMM for the half adder 

operation triggered by the various inputs. (a, e) in the absence of the two 40 

inputs, (b, f) in the presence of HA-1 (250 nM), (c, g) in the presence of 

HA-2 (250 nM), (d, h) in the presence of the two inputs. The normalized 

fluorescence intensity of FAM at 521 nm (B) and NMM at 609 nm (C) as 

a function of the various inputs. (D) The truth table of the HA logic 

operation. 45 

has to consider photo bleaching and high background of the used 

fluorophore. Upconversion fluorescence nanoparticles (UCNPs) 

can convert two or more near-infrared-light pump photons into a 

higher energy output photon, greatly reducing background 

interference.44 Additionally, UCNPs presents exceptional photo 50 

stability, high quantum yields and long lifetime and has been 

considered as an excellent candidate in disease diagnosis.45 

In the present investigations, arithmetic functions of HA and 

HS have been successfully realized on a simple and universal 

GO/t-DNA platform for the first time. The operation is simple 55 

and convenient and is realized in an enzyme-free condition by 

taking advantage of GO and DNA. Here, GO works as an 

effective fluorophore quencher and also as substrate to trap ss-

DNA while neither ds-DNA nor G-4. Combining the versatile 

configuration variations of DNA such as single strand, duplex 60 

and G-4, the fluorescent signal of the system can be flexibly 

modulated under stimulation of the inputs. The synergistic 

functions of GO and DNA strands can simplify the design and 

performance of arithmetic function. The developed system 

overcomes the limitations that the required logic gates are 65 

implemented on different platform or triggered by different inputs. 

Here, the required logic gates of HS respond to the same set of 

inputs, which is the same case for the HA logic operation. All 

required logic operations by both HA and HS were realized on a 

universal platform. A constant undefined output range between 70 

high and low output signals was set and available for all the 

required logic operations. The investigation provides a simple 

and convenient way for integration of multiple logic circuits on a 

universal platform to implement arithmetic functions. The 

advantages make it possible for potential application of the 75 

developed logic gate in DNA computing and disease diagnosis. 
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