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The frequent emergence of SARS-CoV-2 variants increased viral transmissibility and reduced protection afforded
by vaccines. The rapid, multichannel, and intelligent screening of variants is critical to minimizing community
transmissions. DNA molecular logic gates have attracted wide attention in recent years due to the powerful
information processing capabilities and molecular data biocomputing functions. In this work, some molecular
switches (MSs) were connected with each other to implement arbitrary binary functions by emulating the
threshold switching of MOS transistors and the decision tree model. Using specific sequences of different SARS-
CoV-2 variants as inputs, the MSs net was used to build several molecular biocomputing circuits, including NOT,
AND, OR, INHIBIT, XOR, half adder, half subtractor, full adder, and full subtractor. Four fluorophores (FAM,
Cy3, ROX, and Cy5) were employed in the logic systems to realize the multichannel monitoring of the logic
operation results. The logic response is fast and can be finished with 10 min, which facilitates the rapid wide-
population screening for SARS-CoV-2 variants. Importantly, the logic results can be directly observed by the
naked eye under a portable UV lamp, thus providing a simple and intelligent method to enable high-frequency

point-of-care diagnostics, particularly in low-resource communities.

1. Introduction

The coronavirus disease of 2019 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) poses a
great threat and burden to the global public health (Li et al., 2021; Wang
et al., 2020a; Zhou et al., 2020). Currently, the surge of various
SARS-CoV-2 variants, such as Beta (B.1.351), Delta (B.1.617.2), Omi-
cron (B.1.1.529), and so forth, have displayed high infectivity and
spreading speed (Bai et al., 2021; Han et al., 2022; Rockett et al., 2022;
Yang et al., 2022). The outbreaks of multifarious variants increased the
infection and reinfection risk and reduced the protections provided by
vaccines or neutralizing antibodies (Moitra et al., 2022; Sun et al., 2022;
Suzuki et al., 2022; Syeda et al., 2022). The development of multiplex
sensing platform that can quickly and accurately detect SARS-CoV-2
variants can effectively stop the spread of COVID-19 (Erdem et al.,
2022; Rodriguez et al., 2021; Valera et al., 2021; Zhang et al., 2022). The
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reverse transcription polymerase chain reaction (RT-PCR) technique is
widely used to detect pathogen nucleic acids and is considered as a gold
standard in infectious disease diagnostics because of its high sensitivity
and specificity (Yao et al., 2021). However, it requires expensive
equipment, skilled technicians, and time-consuming procedures, which
are not appropriate for the point-of-care (POC) molecular diagnosis of
different SARS-CoV-2 variants. The CRISPR sensing system, which has
attracted much attention in recent years (Feng et al., 2021; Kaminski
et al., 2021; Rahimi et al., 2021), is still unable to meet the needs of the
detection of different variant due to the requirement of PAM region and
gRNA (Liang et al., 2022; Wang et al., 2021; Xiong et al., 2021). Thus,
there is still a great demand to design a simple, fast, and intelligent
sensing platform that can realize the multiple detection of SARS-CoV-2
variants (Cyranoski, 2021).

Based on threshold switches and binary operations, Metal-Oxide-
Semiconductor (MOS) can perform predefined logic functions and
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computing tasks (Dai et al., 2021; Hao et al., 2022; Lee et al., 2011).
MOS transistors are widely used as the building blocks in modern
electronics. In order to perform the digital computing at the molecular
level, DNA molecule can be used as fundamental logic circuit elements
to replace MOS transistors (Arter et al., 2020; Song et al., 2019; Su et al.,
2019; Wang et al., 2020b). Through modular molecular design and
programmable reaction dynamics, DNA logic circuits can realize the
biocomputing with excellent scalability and good accuracy (Cai et al.,
2022; Chen et al., 2012, 2018, 2021; Feng et al., 2020; Gong et al., 2019;
Zhang et al., 2020). However, there are some limitations in the expan-
sion of the molecular circuit. For example, (I) Typical scale-up ap-
proaches were just a simple stack of basic logic gates, which increased
the amounts of DNA strands that might induce cross reactions (Garg
et al., 2018; Ge et al., 2016). (II) As the NOT logic gate produced ON
signals before receiving the output of its upstream gate, this circuit
might generate a false output (Qian and Winfree, 2011).

In the present work, we addressed these challenges by developing a
DNA molecular biocomputing system. Through emulating the threshold
switching of MOS transistors and the decision tree model (Goswami
et al., 2021), six interconnected molecular switches (MSs) were devel-
oped to execute multiple arithmetic functions. Importantly, this mo-
lecular computing system has been successfully applied to the
multichannel intelligent detection of SARS-CoV-2 and several variants,
including Beta (B.1.351), Delta (B.1.617.2), Kappa (B.1.617.1), Lambda
(C.37), and Omicron (B.1.1.529). This molecular biocomputing system
not only holds great potential for developing a large-scale complex DNA
computer system, but also can serve as a public health screening tool to
distinguish specific SARS-CoV-2 variants in environmental and clinical
samples.

2. Materials and methods
2.1. Materials

DNA probes were ordered from Shanghai Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and the sequences were listed in Table S1 (Sup-
porting Information). All unlabeled DNA probes were ULTRAPAGE pu-
rified and all labeled strands were HPLC purified by Shanghai Sangon
Biotechnology Co., Ltd. (Shanghai, China). All used sequences are
marked with specific colors, which match the colors in the schematic
illustration. All DNA sequences were designed to minimize undesired
interactions using NUPACK (http://www.nupack.org/).

2.2. Bioinformatics analysis

Full-genome sequences of SARS-CoV-2 and variants were down-
loaded from GISAID (https://www.gisaid.org/) and GenBank (http://
www.ncbi.nlm.nih.gov/genbank/). Phylogenetic trees were inferred
using MEGAG6 software. Through analysis of phylogenetic results and
full-genomic sequence alignment (Figs. S1 and S2, Supporting Infor-
mation), we obtained the specific sequences of SARS-CoV-2, Beta variant
(EPLISL_1254583), Delta variant (EPI_ISL_3140302), Kappa variant
(EPLISL_2304115), Lambda variant (EPI_ISL_3333569), and Omicron
(EP1_ISL_6704867). The DNA sequences of A1, A0, B1, B0, C1, and CO
were selected as the specific sequences of SARS-CoV-2, Beta (B.1.351),
Delta (B.1.617.2), Kappa (B.1.617.1), Lambda (C.37), and Omicron
(B.1.1.529) variants, respectively (Fig. S3, Supporting Information).

2.3. Preparation of the switch molecules and reporter molecules

The powder of oligonucleotides was dissolved in 20 mM Tris-HCI
buffer (pH 7.5, 140 mM NacCl, 5 mM KCl). To prepare the S(1) mole-
cule, S(1)-1 and S(1)-2 were mixed with the molar ratio of 1:1.2 and then
heated to 95 °C for 5 min and slowly cooled down to room temperature.
The concentration of S(1)-1 is 200 nM. The S(2)-S(4) molecules and all
reporter molecules were prepared as the same as the S(2) molecule. To
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prepare the S(5) molecule, the S(5)-1, S(5)-2, and S(5)-3 were mixed
with the molar ratio of 1.1:1:1.5 and then heated to 95 °C for 5 min and
slowly cooled down to room temperature. The concentration of S(5)-1 is
200 nM. The S(6)-S(24) molecule were prepared as the same as the S(5)
molecule.

2.4. Performing computation of DNA devices

In each experiment, the input, switch molecule, and reporter mole-
cule were mixed at room temperature. The input strand and reporter
molecule were at 2.5 x concentration, where 1 x was 100 nM. The
switch molecule was 2 x concentration. The fluorescence responses
were carried out on the SpectraMax i3x (Molecular Devices) for 10 min
with fluorescence measurements taken every 30 s. The colorimetric re-
sponses were observed by the naked eye under UV light and the photos
were taken with an iPhone equipped with a wide camera.

2.5. Polyacrylamide gel electrophoresis (PAGE) analysis

10% PAGE gel was prepared for electrophoresis analysis. First, 5 pL
DNA samples were mixed with 1 pL 6 x loading buffer to obtain the
loading sample. Subsequently, the electrophoresis experiments were
carried out at 45 V for 90 min in 1 x TBE (Tris-Borate-EDTA) buffer (pH
8.0). Finally, the PAGE gel was stained in diluted SYBR Green solution,
and then photographed in a gel image system (Bio-Rad, Singapore).

3. Results and discussion
3.1. Design of molecular switch and NOT logic gate

First, we designed two MSs (switch 1 and switch 2) based on DNA
strand displacement reactions, to emulate P-channel metal oxide semi-
conductor (PMOS) and N-channel metal oxide semiconductor (NMOS)
devices (Fig. 1a and b). Al and AO serving as switching signals are
defined as input 1 and input 0, respectively. Al is the specific SARS-CoV-
2 sequence. AQ is the specific SARS-CoV-2 Beta variant (B.1.351)
sequence. The switch 1 responds to Al and the switch 2 responds to AO.
Each MS contains a double-stranded DNA switch (S(1) and S(2)). X
domain in the DNA switch was used to receive the input signals (A1 and
AO0). Y domain in the DNA switch was used to interact with the reporter
probes (R(1) and R(2)). In the presence of input A1, Al will hybridize
with the toehold 1 (domain a) to initiate the toehold-mediated strand
displacement (TMSD) to liberate the S(1)-2 strand (Fig. 1c). The free S
(1)-2 strand can then launch another TMSD to interact with the re-
porter probes R(1). The separation of FAM and BHQ1 will give out a high
fluorescence signal and the switch 1 jumped from OFF to ON state. We
define the threshold as 1.2X, where X is the background fluorescence
intensity without target (Fig. S4, Supporting Information). We tested the
switch 1 by the addition of A1 and AO, respectively. The switch responds
very quickly and can be finished within 4 min (Fig. 1d). The input of Al
generated a high fluorescence signal and the input of AO generated a low
fluorescence signal (Fig. 1le). Similarly, the switch 2 can realize the
transition using AO as the input (Fig. 1f). The Cy3 output signals about
the switch 2 operations were shown in Fig. 1g and h. The fluorescence
intensity of the logic system toward different concentrations of target
was also tested (Fig. S5, Supporting Information). The sensitivity of the
logic system will not be affected by the viral load. In our logic biosensor,
a high viral load can generate a high fluorescence intensity and a low
viral load will generate a low fluorescence intensity. So, we can distin-
guish different periods of the SARS-CoV-2 infection (Cevik et al., 2021)
by measuring the fluorescence intensity of the logic system.

By exchanging the Y domains of the two molecular switches and
connecting them in parallel, we successfully assembled a NOT logic gate
based on the complementary metal oxide semiconductor (CMOS)
inverter (Hao et al., 2022; Lee et al., 2011). As shown in Fig. 2a—c, the
reporter probe R(2) was used in switch 1 and the reporter probe R(1)
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Fig. 1. Construction of molecular switch based on NMOS and PMOS and their performances. (a) Principle of NMOS and molecular details of switch 1. (b) Principle of
PMOS and molecular details of switch 2. (¢) Schematic illustration of switch 1 using Al as the input. (d) Fluorescence kinetics data of switch 1. (e) Histogram shows
the fluorescence signals (FAM) recorded in switch 1. The red dashed line shows the threshold value of 3.0 x 10°. (f) Schematic illustration of switch 2 using AO as the
input. (g) Fluorescence kinetics data of switch 2. (h) Histogram shows the fluorescence signals (Cy3) recorded in switch 2. The red dashed line shows the threshold

value of 3.0 x 10°.

was used in switch 2. The presence of Al was defined as an input 1 and
the presence of A0 was defined as an input 0. We defined a high FAM
fluorescence signal (green fluorescence color) as an output 1 and the Cy3
fluorescence signal (orange fluorescence color) as an output 0. The
output signals can be visualized by the naked eye under UV light
transilluminators or quantified by a microplate reader (Fig. 2d). In the
presence of Al, the in-tube orange fluorescence color and Cy3 fluores-
cence signal can be observed (output = 0). In the presence of A0, the
in-tube green fluorescence color and FAM fluorescence signal can be
observed (output = 1) (Fig. 2e,f,h). According to the fluorescence-time
curve (Fig. 2g), the toehold-mediated strand displacement reactions in
the NOT logic gate can be completed within 4 min. Further prolonged
the time will not increase the response signals. Thus, we can conclude
that our designed NOT logic gate can be finished within 4 min.
Compared with some previously reported SARS-CoV-2 sensors, our
designed logic system also displayed fast response time (Table S2,
Supporting Information). Those results indicated the successful con-
struction of a NOT logic gate.

3.2. Construction of basic logic gates by molecular switch

In addition to switch 1 and switch 2, we also constructed two other
MSs (switch 3 and switch 4) to respond to switching signals B1 and BO,
respectively. Bl is the specific SARS-CoV-2 Delta variant (B.1.617.2)
sequence. BO is the specific SARS-CoV-2 Kappa variant (B.1.351)
sequence. The switch 1 is connected with the switch 3 through designing

a dual-switches S(5) (Fig. S7a, Supporting Information). The presence of
Al will displace S(5)-3 and expose the toehold 5. Then, B1 can activate
the switch 3 and displace S(5)-2 to interact with R(1) for producing a
FAM fluorescence signal (Fig. S7b, Supporting Information). Similarly,
we connected switch 2 and switch 4 to design another dual-switches S(6)
(Fig. S7c, Supporting Information). In the presence of A0 and BO, the
switch flips from OFF to ON state and generates a Cy3 fluorescence
signal (Fig. S7d, Supporting Information). The PAGE experiments were
carried out to verify the feasibility of the dual-switches S(5) (Fig. S6,
Supporting Information).

With the programmability of the DNA strands, MSs can be integrated
to implement multiple logical tasks. We explored the switch assembly to
perform a AND logic gate (Fig. S7e, Supporting Information). We
created a programmable switch net based on the decision tree model, in
which the connection between adjacent switches is configurable.
Figs. S7e and f (Supporting Information) show the electronic circuit and
decision tree model of a AND logic gate. Fig. S8 (Supporting Informa-
tion) shows the details of the DNA reaction process of the AND logic
gate. The high FAM fluorescence was defined as an output of 1 and the
Cy3 fluorescence was defined as an output of 0. The presence of Al or Bl
was defined as an input 1 and the presence of AQ or BO was defined as an
input 0. The input combinations of (0,0), (0,1), and (1,0) will generate a
Cy3 fluorescence. The (1,1) input combination generates a FAM fluo-
rescence. By rearranging the molecular switch, we also constructed a OR
logic gate (Figs. S7g and h), an INHIBIT logic gate (Figs. S7i and j), and a
XOR logic gate (Fig. S7k,]). The corresponding details of the DNA
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reaction processes were shown in Figs. S9, S10, and S11 (Supporting
Information), respectively. The results of the four logic gates were
shown in Fig. 3a,b,d. The truth table of the basic logic gates was shown
in Fig. 3c. The fluorescence kinetics data of the four basic logic gates
were shown in Fig. S12 (Supporting Information). In AND, OR, INHIBIT
and XOR logic gates, the (1,0) or (0,1) state corresponds to one variant.
We used two variants to define the (1,1) state, in which the inputs can be
collected from a large infected population, in which two different SARS-
CoV-2 variants may coexist.

To investigate the specificity of the logic system, we used a AND logic
gate as an example to test the logic responses toward different inputs. A
non-target chain (NTC) and another two SARS-CoV-2 variants were
examined (C1 and CO). C1 is the specific SARS-CoV-2 Lambda (C.37)
variant sequence. CO is the specific SARS-CoV-2 Omicron (B.1.1.529)
sequence. As shown in Fig. S13a (Supporting Information), A1B1 can
produce a high FAM fluorescence signal. A1BO, AOB1, and AOBO can
produce a high Cy3 fluorescence signal (Fig. S13b, Supporting Infor-
mation). Other input combinations involved C1, CO, and NTC failed to
produce FAM or Cy3 fluorescence signals. Those results indicated the
high specificity of the logic system (Fig. S13c, Supporting Information).

3.3. Construction of half adder and half subtractor

In order to construct a half adder with compact DNA configuration,
three reporters (R(1), R (2), and R(3)) modified with three fluorophores
(FAM, Cy3, and Cy5) were used (Fig. S14a, Supporting Information).
The high FAM fluorescence signal is defined as an output of (1,0),
indicating that the CARRY (C) output is 1 and the SUM (S) output is 0.
The high Cy3 fluorescence signal is defined as an output of (0,1), indi-
cating that the CARRY (C) output is 0 and the SUM (S) output is 1. The
high Cy5 fluorescence signal is defined as an output of (0,0), indicating
that the CARRY (C) output is 0 and the SUM (S) output is 0. In the half
adder operation, a AND logic gate was used to carry out the CARRY bit
function and a XOR logic gate was used to carry out the SUM bit func-
tion. The logic circuit of the half adder was shown in Fig. 4a. The details
of the DNA reaction process were shown in Fig. S14b (Supporting In-
formation). The results of the half adder were shown in Fig. 4b,d. The
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(0,0) input combination (AOBO) produces a high Cy5 fluorescence
signal. The (0,1) and (1,0) input combinations (AOB1 and A1BO) pro-
duce a high Cy3 fluorescence signal. The (1,1) input combination
(A1B1) produces a high FAM fluorescence signal. The truth table was
shown in Fig. 4c. The heat map of the half adder results was shown in
Fig. 4e. The circuit diagram of the half adder was shown in Fig. S16a
(Supporting Information). The fluorescence kinetics data of the half
adder were shown Fig. S16¢ (Supporting Information). The response of
the half adder is rapid and can be finished within 6 min. We used the half
adder logic gate as an example to test the mixture containing different
variants. When different input signal molecules are present in input A or
input B, there will be multiple pathways in the molecular switch
network, resulting in multiple fluorescent signal outputs (Fig. S17a,
Supporting Information). For instance, the current signal will be trans-
mitted to R(1) and R(2) in the presence of input of Al, B1, and B0, and
produces a high FAM and Cy3 fluorescence signal. At the same time, the
current signal cannot be transmitted to R(3), thus, only a weak Cy5
fluorescence signal can be obtained (Figs. S17b-e, Supporting Infor-
mation). The above results show that the logic system is capable of
screening for SARS-CoV-2 variants in a wide-population and complex
environmental samples.

Three reporters (R(2), R(3), and R(4)) modified with three fluo-
rophores (Cy3, Cy5, and ROX) were used to construct a half subtractor
(Fig. S15a, Supporting Information). The high Cy3 fluorescence signal is
defined as an output of (0,1), indicating that the BORROW (B) output is
0 and the DIFFERENCE (D) output is 1. The high ROX fluorescence
signal is defined as an output of (1,1), indicating that the BORROW (B)
output is 1 and the DIFFERENCE (D) output is 1. The high Cy5 fluo-
rescence signal is defined as an output of (0,0), indicating that the
BORROW (B) output is 0 and the DIFFERENCE (D) output is 0. In the half
subtractor operation, an INHIBIT logic gate was used to carry out the
BORROW bit function and a XOR logic gate was used to carry out the
DIFFERENCE bit function. The logic circuit of the half subtractor was
shown in Fig. 4f. The details of the DNA reaction process were shown in
Fig. S15b (Supporting Information). The results of the half subtractor
were shown in Fig. 4g,i. The (0,0) and (1,1) input combinations (AOBO
and A1B1) produce a high Cy5 fluorescence signal. The (0,1) input
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subtractor. (i) Histogram shows the fluorescence intensities of the half subtractor. The red dashed line shows the threshold value of 3.0 x 10°. (j) Heat map of logic

fluorescence signals in the half subtractor.
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combination (AOB1) produces a high ROX fluorescence signal. The (1,0)
input combination (A1B0) produces a high Cy3 fluorescence signal. The
truth table was shown in Fig. 4h. The heat map of the half adder results
was shown in Fig. 4j. The circuit diagram of the half subtractor was
shown in Fig. S16b (Supporting Information). The fluorescence kinetics
data of the half subtractor were shown Fig. S16d (Supporting Informa-
tion). The response of the half subtractor is rapid and can be finished
within 6 min.

3.4. Construction of full adder and full subtractor

For full adder and full subtractor construction, another two MSs
(switch 5 and switch 6) respond to switching signals C1 and CO were
added. C1 is the specific SARS-CoV-2 Lambda variant (C.37) sequence.
CO is the specific SARS-CoV-2 Omicron variant (B.1.1.529) sequence.
The full adder can be realized by integrating two half adders and a OR
logic gate (Fig. 5a). The switching signals A and B were used as the two
inputs to activate the upstream half adder. The SUM (S) output from the
upstream half adder (Og in) and the switching signal C were used as the
two inputs to activate the downstream half adder. The SUM (S) output of
the downstream half adder was defined as the SUM (S) output (Og) of the
full adder. The CARRY (C) outputs from the two half adders were used as
the two inputs to activate a OR logic gate. The output of the OR logic
gate was defined as the CARRY (C) output (O¢) of the full adder. Four
reporters (R(5), R(6), R(7) and R(8)) modified with four fluorophores
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(ROX, FAM, Cy3, and Cy5) were used to visualize the full adder
(Fig. S19a, Supporting Information). The high ROX fluorescence signal
is defined as an output of (1,1), indicating that the O¢ is 1 and the Ogis 1.
The high FAM fluorescence signal is defined as an output of (1,0),
indicating that the Oc¢ is 1 and the Og is 0. The high Cy3 fluorescence
signal is defined as an output of (0,1), indicating that the Oc is 0 and the
Og output is 1. The high Cy5 fluorescence signal is defined as an output
of (0,0), indicating that the O¢ is 0 and the Og output is 0. The logic
circuit of the full adder was shown in Fig. 5b. The details of the DNA
reaction process were shown in Fig. S19b (Supporting Information). The
results of the full adder were shown in Fig. 5c,e. The (0,0,0) input
combination (AOBOCO) produces a high Cy5 fluorescence signal. The
(0,0,1), (0,1,0), and (1,0,0) input combinations (AOBOCO, AOB1CO, and
A1BO0CO) produce a high Cy3 fluorescence signal. The (0,1,1), (1,0,1),
and (1,1,0) input combinations (AOB1C1, A1BOC1, and A1B1CO) pro-
duces a high FAM fluorescence signal. The (1,1,1) input combination
(A1B1C1) produces a high ROX fluorescence signal. The truth table of
the full adder was shown in Fig. 5d. The heat map of the half adder
results was shown in Fig. 5f. The circuit diagram of the full adder was
shown in Fig. S20 (Supporting Information). The fluorescence kinetics
data of the full adder were shown Fig. S22a (Supporting Information).
The response of the full adder is rapid and can be finished within 10 min.

We further built a full subtractor by integrating two half subtractor
and a OR logic gate (Fig. 5g). The switching signals A and B were used as
the two inputs to activate the upstream half subtractor. The
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Fig. 5. Construction of full adder and full subtractor. (a) Assemble a full adder with two half adders and a OR logic gate. (b) The MSs net of the full adder. (c) The
fluorescence colors the full adder (the tubes 1-8 represent the input combinations of (0,0,0), (0,0,1), (0,1,0), (1,0,0), (0,1,1), (1,0,1), (1,1,0), and (1,1,1), respec-
tively). (d) Truth table of the full adder. (e) Histogram shows the fluorescence intensities of the full adder. The red dashed line shows the threshold value of 3.0 x 10°.
(f) Heat map of logic fluorescence signals in the full adder. (g) Assemble a full subtractor with two half subtractors and a OR logic gate. (h) The MSs net of a full
subtractor. (i) The fluorescence colors the full subtractor (the tubes 1-8 represent the input combinations of (0,0,0), (0,0,1), (0,1,0), (1,0,0), (0,1,1), (1,0,1), (1,1,0),
and (1,1,1), respectively). (j) Truth table of the full subtractor. (k) Histogram shows the fluorescence intensities of the full subtractor. The red dashed line shows the
threshold value of 3.0 x 10°. (1) Heat map of logic fluorescence signals in the full subtractor.
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DIFFERENCE (D) output from the upstream half subtractor (Op in) and
the switching signal C were used as the two inputs to activate the
downstream half subtractor. The DIFFERENCE (D) output of the
downstream half subtractor was defined as the DIFFERENCE (D) output
(Op) of the full subtractor. The BORROW (B) outputs from the two half
subtractors were used as the two inputs to activate a OR logic gate. The
output of the OR logic gate was defined as the BORROW (B) output (Op)
of the full subtractor. Four reporters (R(5), R(6), R(7) and R(8)) modi-
fied with four fluorophores (ROX, FAM, Cy3, and Cy5) were used to
construct a full subtractor (Fig. S21a, Supporting Information). The high
Cy3 fluorescence signal is defined as an output of (0,1), indicating that
the Op is 0 and the OD is 1. The high ROX fluorescence signal is defined
as an output of (1,1), indicating that the Op and Op are 1. The high Cy5
fluorescence signal is defined as an output of (0,0), indicating that the
Op and Op are 0. The high FAM fluorescence signal is defined as an
output of (1,0), indicating that the Op is 1 and the Op is 0. The logic
circuit of the full subtractor was shown in Fig. 5h. The details of the DNA
reaction process were shown in Fig. S21b (Supporting Information). The
results of the full subtractor were shown in Fig. 5i,k. The (0,0,0), (1,0,1),
and (1,1,0) input combination (AOBOCO, A1BOC1, and A1B1CO0) produce
a high Cy5 fluorescence signal. The (0,0,1), (0,1,0), and (1,1,1) input
combinations (AOBOCO, AOB1CO, and A1B1C1) produce a high ROX
fluorescence signal. The (1,0,0) input combination (A1BOCO) produces a
high Cy3 fluorescence signal. The (0,1,1) input combination (AOB1C1)
produces a high FAM fluorescence signal. The truth table of the full
subtractor was shown in Fig. 5j. The heat map of the half subtractor
results was shown in Fig. 51. The circuit diagram of the full subtractor
was shown in Fig. S20 (Supporting Information). The fluorescence ki-
netics data of the full subtractor were shown Fig. S22b (Supporting In-
formation). The response of the full subtractor is rapid and can be
finished within 10 min. We summarized a table to compare the sensing
performance of our DNA biocomputing circuit with some previously
reported methods for SARS-CoV-2 detection (Table S2, Supporting In-
formation). An important merit of our logic sensor is that the logic gate
system can realize the intelligent screening of six SARS-CoV-2 variants
by the naked eye within 10 min.

3.5. Real sample analysis

With the continuous mutation of the SARS-CoV-2 and the success of
epidemic prevention and control, the real samples of the Beta (B.1.351),
Delta (B.1.617.2), Kappa (B.1.617.1), Lambda (C.37), and Omicron
(B.1.1.529) variants are very scarce. To assess the practical performance
of MSs net in real samples, a recovery experiment was carried out by
operating a full adder in mouth saliva samples. The mouth saliva sam-
ples were collected from healthy people, and filtered through a 0.22 pm
membrane to remove the insoluble particles. The specific variant se-
quences of A1, A0, B1, B0, C1, and CO were spiked in the saliva samples
to execute the full adder. As shown in Fig. S23 (Supporting Information),
the full adder can work effectively even in real saliva samples. The
(0,0,0) input combination (AOBOCO) produces a high Cy5 fluorescence
signal. The (0,0,1), (0,1,0), and (1,0,0) input combinations (AOBOCO,
AOB1CO, and A1BOCO) produce a high Cy3 fluorescence signal. The
(0,1,1), (1,0,1), and (1,1,0) input combinations (AOB1C1, A1BOC1, and
A1B1CO) produces a high FAM fluorescence signal. The (1,1,1) input
combination (A1B1C1) produces a high ROX fluorescence signal. Those
results indicated that our proposed logic system is robust and the com-
plex sample matrices do not interfere with the assay results. Such reli-
able sensing capabilities enable the MSs net to be developed as an ideal
large-scale screening tool for the monitoring of SARS-CoV-2 variants in
real samples.

4. Conclusion

In conclusion, we have successfully fabricated several logic systems
(NOT, AND, OR, INHIBIT, XOR, half adder, half subtractor, full adder,
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and full subtractor) for the intelligent sensing of SARS-CoV-2 variants
based on different MSs interactions. SARS-CoV-2 and several variants,
including Beta (B.1.351), Delta (B.1.617.2), Kappa (B.1.617.1), Lambda
(C.37), and Omicron (B.1.1.529) were used as the inputs to activate the
logic functions. Through multichannel logic operations, we can simul-
taneously distinguish different variants using four fluorophores (FAM,
Cy3, ROX, and Cyb5) as the output signals. The logic response is fast and
we can get the results within 10 min, which is in favor of the rapid
screening of SARS-CoV-2 variants. The operation of the logic system is
simple and the logic results can be directly observed by the naked-eye
under a portable UV lamp. The output of biocomputing circuits is still
accurate and reliable in the presence of various variants, demonstrating
that the system is competent for intelligent wide-population screening of
SARS-CoV-2 variants. With the advantages of rapid response, simple
operation, multichannel analysis, and intuitive outputs, our developed
logic system can realize the intelligent point-of-care screening of SARS-
CoV-2 variants without the requirement of any sophisticated instru-
mental techniques.
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