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ARTICLE INFO ABSTRACT

Editor: Damia Barcelo Polychlorinated biphenyls (PCBs) are ubiquitous persistent organic pollutants that cause harmful effects on environ-
mental safety and human health. There is an urgent need to develop an intelligent method for PCBs sensing. In this

Keywords: work, we proposed a logic gate biosensing platform for simultaneous detection of multiple PCBs. 2,3,5,5’-

Logic gate

tetrachlorobiphenyl (PCB72) and 3,3,4,4’-tetrachlorobiphenyl (PCB77) were used as the two inputs to construct
Polychlorinated biphenyl bioc.omputing logic gates. YVe used 0 and 1 to (.encoge .the inputs and outputs. ThF apt.amer was used to recogni‘ze
Catalytic hairpin assembly the inputs and release the trigger DNA. A catalytic hairpin assembly (CHA) module is designed to convert and amplify
Intelligent detection each trigger DNA into multiple programmable DNA duplexes, which initiate the trans-cleavage activity of CRISPR/
Casl12a for the signal output. The activated Cas12 cleaves the BHQ-Cy5 modified single-stranded DNA (ssDNA) to
yield the fluorescence reporting signals. In the YES logic gate, PCB72 was used as the only input to carry out the
logic operation. In the OR, AND, and INHIBIT logic gates, PCB72 and PCB77 were used as the two inputs. The output
signals can be visualized by the naked eye under UV light transilluminators or quantified by a microplate reader. Our
constructed biosensing platform possesses the merits of multiple combinations of inputs, intuitive digital output, and
high flexibility and scalability, which holds great promise for the intelligent detection of different PCBs.
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1. Introduction

Polychlorinated biphenyls (PCBs) are a class of synthetic organic
compounds with high toxicity, poor degradation, long-term stability, and
bioaccumulation properties (Andrew et al., 2022; Melymuk et al., 2022).
Among the PCBs, 2,3',5,5-tetrachlorobiphenyl (PCB72) and 3,3',4,-

’-tetrachlorobiphenyl (PCB77) are widely distributed in water and soil sam-
ples. Even trace amounts of them can cause harmful effects on the
environmental and food safety (Christensen et al., 2021; Lammel et al.,
2019). Traditional techniques for PCB detection focused on gas
chromatography-mass spectrometry (GC-MS) and high-performance liquid
chromatography-mass spectrometry (HPLC-MS) (Gao et al., 2020; Zhang
et al., 2022). Although they are sensitive and accurate, the requirement of so-
phisticated equipment and complex pre-treatment steps limited their wide ap-
plications for the routine monitoring of PCBs (Xu et al., 2021). Recently, some
elegant biosensors have been developed for PCB detection using electrochem-
ical (Fan et al., 2019; Sun et al., 2019; Zhang et al., 2021), fluorescence (Wang
et al., 2018), and colorimetric methods (Cheng et al., 2018; Chen et al., 2021).
Those sensors have made great progress in PCB monitoring. However, to the
best of our knowledge, there are very few reports on the intelligent detection
of PCBs. Thus, the construction of an intelligent sensing system for PCBs assay
is still challenging and interesting.

As an effective way to realize the intelligent sensing, molecular logic
gate has attracted a lot of attention in biological imaging (Erbas-Cakmak
et al., 2018; Tregubov et al., 2018), disease diagnosis (Feng et al., 2020),
and biosensor assay (Yi et al., 2021). In molecular logic gate design, 0 and
1 are often used to encode the inputs and outputs. The presence and absence
of the inputs are defined as 1 and 0, respectively (Ge et al., 2016; Wang et al.,
2020). The output signals below or above a threshold value are setas0 and 1,
respectively. Some interesting logic gates have been reported for nucleic acid,
metal ion, and protein sensing using OR, AND, XOR, NAND, NOR, and
INHIBIT logic operations (Miao and Tang, 2021; Deng et al., 2023; Chen
et al., 2020; Yu et al., 2021). There are few attempts to develop logic gate
using toxic organic pollutants as inputs. Thus, it is highly desirable to explore
the new applications of molecular logic gates in organic pollutant biosensing,
especially using PCB72 and PCB77 as inputs.

As a powerful gene editing tool, the clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas (CRISPR-associated) system has
attracted great interest in biosensor design (Dronina et al., 2021a,
2021b). CRISPR-Casl2a is a type of CRISPR-Cas system composed of
guide RNA (gRNA) and Casl2a nuclease. CRISPR-Cas12a is an RNA-
guided endonuclease with trans-cleavage activity (Dronina et al., 2022;
Kaminski et al., 2021; Li et al., 2018). Upon recognition of the protospacer ad-
jacent motif (PAM) site in the double-stranded DNA (dsDNA), the Cas12a will
be activated to cleave the single-stranded DNA (ssDNA) nonspecifically (Tang
et al., 2021; Feng et al., 2021). Such unique characteristics make CRISPR-
Casl2a as a promising candidate to fabricate electrochemical sensors (Li
et al., 2018; Shen et al., 2021), fluorescence detectors (Pan et al., 2023; Yue
etal., 2021; Nguyen et al., 2020; Xiong et al., 2020; Li et al., 2021), colorimet-
ric biosensors (Zhou et al., 2020; Ding et al., 2020; Jiang et al., 2021), and lat-
eral flow strips (Xiong et al., 2021; Cao et al., 2022; Liu et al., 2022). In this
work, we attempt to design a logic platform for the intelligent detection of
PCBs using CRISPR-Cas12a as the signal conversion tool. PCB72 and PCB77
were used as the two inputs and fluorescence signals were used as the out-
puts. The PCB-aptamer binding will trigger the hairpin probe assembly in
the system to generate numerous dsDNA, which can be recognized by
Cas12a. Through the rational design of the sensing DNA probes, the YES,
OR, AND, and INHIBIT logic gates were successfully constructed.

2. Experimental section
2.1. Materials and reagents
All HPLC-purified DNA probes were purchased from Sangon Biotech

Co., Ltd. (Shanghai, China) and their sequences were listed in Tables S1-
S4 (Supporting Information).
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PCBs were purchased from Aladdin Biochemical Technology Co. Ltd.
(Shanghai, China). EnGen Lba Cas12a (Cpfl) and 10 X NEBuffer™ 2.1
Buffer were purchased from New England Biolabs Ltd. (Whitby, ON,
Canada). Other reagents were of analytical grade and obtained from
Sigma-Aldrich (St. Louis, Mo). The buffer was prepared using Milli-Q
water (18.2 MQ/cm).

2.2. Logic computing operations

All DNA probes were dissolved in 20 mM Tris-HCI buffer (pH 7.5,
140 mM NaCl, 5 mM KCI). The Cas12a was dissolved in 1 X NEB buffer™
2.1. gRNA solution was prepared using DEPC (diethyl pyrocarbonate)
treated water. DNA3 were dissolved in the cleavage buffer (20 mM Tris-
HCI, pH 7.5, 100 mM KCl, 5 mM MgCl,, 5 % glycerol, and 1 mM DTT). In
the YES logic gate, 200 nM DNA1 and 100 nM DNA2 were incubated at
room temperature for 15 min. 50 ng/mL PCB72, 400 nM H1, and 400 nM
H2 were added and incubated for 60 min at room temperature. 75 nM
Cas12a, 100 nM gRNA, and 400 nM DNA3 were added and incubated for
55 min at room temperature. Then, the fluorescence spectra were recorded
from 650 to 700 nm (Ex = 625 nm, Em = 665 nm) by a SpectraMax i3x
(Molecular Devices, USA). In the OR, AND, and INHIBIT logic gate,
50 ng/mL PCB72 and PCB77 were used as the inputs. 100 nM H1,
400 nM H2, and 400 nM H3 were used in the logic system. Other proce-
dures were the same as the YES logic gate. The logic results were observed
by the naked eye under UV light and the photos were taken with an iPhone
equipped with a wide camera.

2.3. Polyacrylamide gel electrophoresis (PAGE) analysis

The details of the PAGE procedures were listed in the Supporting Infor-
mation.

3. Results and discussion
3.1. Design of ‘YES logic gate’ based structure

We first employed PCB72 as the model target to construct a YES logic
gate (Fig. 1). The absence and presence of the target were defined as 0
and 1, respectively. The trigger DNA (DNA2) was blocked by DNA1. In
the presence of PCB72, the specific binding between the aptamer (DNA1)
and PCB72 will release the blocked DNA2. The free DNA2 thus can be
used as the trigger DNA to initiate the CHA cycle amplification reaction.
The hairpin probe 1 (H1) can be opened by the hybridization with DNA2
through toehold-mediated strand displacement. In the formed DNA2-H1
complex, the exposed 3’-overhang in H1 can serve as a new toehold to
open hairpin probe 2 (H2) through toehold-mediated strand displacement.
The DNA2-H1-H2 is unstable and DNA2 will be liberated from the H1-H2
duplex through branch migration. DNA2 then can be recycled to activate
other H1 and H2 for generating numerous H1-H2 dsDNA. The PAM site (yel-
low) and the protospacer sequence in H1-H2 can be recognized by the
Casl2a/gRNA complex. The activated Cas12a can cleave ssDNA (DNA3,
modified with BHQ and Cy5) to give out a high fluorescence signal, which
can be used to monitor the logic functions. In the absence of PCB72, the trig-
ger DNA was blocked by DNA1. The CHA reaction between H1 and H2 can-
not happen. Thus, only background fluorescence signal can be observed. The
logic results can be visualized by the naked eye under UV light transillumina-
tors or quantified by a microplate reader (Fig. 2a and b). As shown in Fig. 2b,
the input of 1 generates an output of 1 and the input of 0 generates an output
of 0. The fluorescence spectra and the corresponding fluorescence intensities
at 665 nm of the YES logic gate were shown in Fig. 2c and d.

As the hairpin DNA assembly is important for the construction of the
logic gate, we used PAGE experiments to verify the feasibility of the assem-
bly process between H1 and H2. As shown in Fig. S1 (Supporting Informa-
tion), the bands in lanes 1 and 2 corresponded to H1 and H2, respectively.
When DNA2 was mixed with H1 (lane 3), a new band at a higher electro-
phoresis distance was observed, confirming that DNA2 has opened H1
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Fig. 1. Schematic illustration of the YES gate using PCB72 as the input. The aptamer (DNA1) was used to recognize the input. Two hairpin probes (H1 and H2) were used to
assemble H1/H2 dsDNA. Cas12/gRNA complex was used to cleave the ssDNA (DNA3, modified with BHQ and Cy5) to yield the fluorescence output. Inset: The truth table of

the YES logic gate.

and DNA2-H1 duplex was formed. When H2 was introduced, H2 will dis-
place DNAZ2 to form the H1-H2 duplex. Also, DNA2 will be released (lane
4). Those results successfully verified the assembly reaction between H1
and H2.

We used the YES logic gate to test the analytical performance for PCB72
detection. Under the optimal assay conditions (Fig. S2-S4, Supporting Infor-
mation), the fluorescence signals increased with the increase of PCB72 con-
centrations from 0 to 500 ng/mL (Fig. 2e). The resulting calibration curve
shows that the fluorescence signals are proportional to the logarithm of
PCB72 concentrations in the range from 500 fg/mL to 50 ng/mL (Fig. 2f).
The detection limit is calculated to be 128 fg/mL based on 3S/N.

Some nontarget substances, including PCB77, PCB101, PCB118,
chlorobenzene, parathion-methyl, aflatoxin B1, ochratoxin A, 1,3-
diphenylguanidine, norfloxacin, and Pb were used as the interfering mole-
cules to examine the specificity of the logic biosensor. It was reported that
the detected maximum concentrations of 1,3-diphenylguanidine,
norfloxacin, and Pb in the Pearl River were 40,020 ng/L, 2702 ng/L,
and384.06 mg/kg, respectively (Huang et al., 2019; Hu and Cheng, 2013;
Zhang et al., 2023). In the specificity experiment, the concentration of
PCB72 was set at 50 ng/mL. The concentrations of PCB77, PCB101,
PCB118, chlorobenzene, parathion-methyl, aflatoxin B1, ochratoxin A
were set at 500 ng/mL. The concentrations of 1,3-diphenylguanidine,
norfloxacin, and Pb were set at 40020 ng/L, 2702 ng/L, and384.06 mg/kg,
respectively. As shown in Fig. S5 (Supporting Information), a significant
fluorescence response can be observed in the presence of PCB72, whereas
the control molecules (PCB77, PCB101, PCB118, chlorobenzene,
parathion-methyl, aflatoxin B1, ochratoxinA, 1,3-diphenylguanidine,
norfloxacin, and Pb) failed to generate obvious fluorescence signals com-
pared with the blank sample. When the controls were mixed with PCB72,
a high fluorescence response can be also observed. These results indicated
that this YES logic gate exhibited a high selectivity for PCB72 detection.
Such excellent selectivity can be ascribed to the specific binding between
the aptamer and the input PCB72.

We also evaluated the practical applications of the YES logic gate in real
water samples. Different concentrations of PCB72 were added to the
PCB72-free water samples (collected from the Pearl River, Guangzhou,
China) and detected using the YES logic gate and the GC-MS method. As

shown in the Table 1, the recovery values were in the range of 94-106 %
and the relative standard deviations (RSD) were in the range of
2.0-6.8 %. At the same time, the concentrations of PCB72 in the spiked
water samples were validated by the GC-MS method. The data revealed
that no significant difference existed between the biosensor detection and
the GC-MS method (Fig. S6, Supporting Information). The relative error
(Re) was from —4.4 % to 6.5 %. Those results indicated that the logic
gate biosensor is robust and the complex sample matrix will not affect the
analytical performance of the logic system.

3.2. Design of ‘OR logic gate’ based structure

Using PCB72 and PCB77 as the two inputs, we further constructed an
OR logic gate (Fig. 3a). PCB72 and PCB77 were defined as input A and
input B, respectively. The aptamer sequences and the trigger DNA were
marked clearly in Fig. S7 (Supporting Information). In the presence of
input A (1,0), DNA1 and PCB72 interactions will release DNA2. DNA2
thus can perform the same role as the YES logic gate to assemble H2 and
H3 into H2/H3 dsDNA. After recognition by the Cas12a/gRNA complex,
DNA3 will be cleaved to give out a high fluorescence signal (output = 1).
In the presence of input B (0,1), H1 and PCB77 interactions will open H1
to expose the trigger DNA sequence(blue), which possesses the same se-
quence as DNA2. Thus, the opened H1 can also activate the assembly reac-
tion between H2 and H3 to generate the H2/H3 dsDNA and then yield a
high fluorescence signal (output = 1). In the presence of both input A
and input B (1,1), the free DNA2 and the opened H1 can be obtained simul-
taneously. The output of this state still reads 1. The fluorescence spectra and
the corresponding fluorescence intensities at 665 nm of the OR logic gate
were shown in Fig. 3b and c, respectively. The colorimetric signal of the
OR logic gate was shown in Fig. 3d. In OR logic operation, as long as any
input is present ((0,1), (1,0), and (1,1)), the output reads 1.

3.3. Design of ‘AND logic gate’ based structure
Fig. 4a described the construction principle of a AND logic gate. PCB72

and PCB77 were defined as input A and input B, respectively. The aptamer
sequences and the trigger DNA were marked clearly in Fig. S8 (Supporting
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Fig. 2. (a) The output of YES logic gate measured by a microplate reader. (b) The fluorescence colors of the YES logic gate. (¢) Fluorescence spectra of the YES logic gate.
(d) Column diagram of the corresponding fluorescence intensities at 665 nm. The red dashed line shows the threshold value of 4.0 x 10°. (e) Fluorescence spectra of the
YES logic gate treated with different PCB72 concentrations. (f) Linear relationship between fluorescence intensities at 665 nm and PCB72 concentrations.

Information). In the presence of input A (1,0), DNA1 and PCB72 interac-
tions will release DNA2. The free DNA2 does not contain the intact trigger
DNA, which cannot open H2. Thus, no H2/H3 dsDNA can be formed and
the output is 0. In the presence of input B (0,1), H1 and PCB77 interactions
will open H1 and expose the looped domain. Similarly, the looped domain
does not contain the intact trigger DNA. In this situation, the output still
reads 0. In the presence of both input A and input B (1,1), the free DNA2
will hybridize with the opened H1 to form the intact trigger DNA through
a-a* binding (green). In DNA2/H1 complex, the intact trigger DNA initiates
the toehold-mediated strand displacement to open H2. Through cyclic as-
sembly between H2 and H3, numerous H2/H3 dsDNA were formed. After
recognition by Cas12a/gRNA, DNA3 will be cleaved to generate a high
fluorescence signal (output = 1). The fluorescence spectra and the

corresponding fluorescence intensities at 665 nm of the AND logic gate
were shown in Fig. 4b and c, respectively. The colorimetric signal of the
AND logic gate was shown in Fig. 4d. In AND logic operation, the output
reads 1 only in the presence of both inputs (1,1). Other input combinations
((0,0), (1,0), and (0,1)) generate an output of 0.

3.4. Design of ‘INHIBIT logic gate’ based structure

We also fabricated an INHIBIT logic gate using PCB72 and PCB77 as the
inputs (Fig. 5a). The aptamer sequences and the trigger DNA were marked
clearly in Fig. S9 (Supporting Information). In the presence of input A (1,0),
the blocked DNA2 will be released due to the PCB72-DNA1 interactions.
The free DNA2 can activate the assembly between H2 and H3 to generate
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Table 1

Detection of PCB72 in water samples using the proposed biosensor and GC-MS method.
Samples® Added GG-MS" Our sensor® Recovery (%) RSD? (%) Re® (%)
Water 1# 500 fg/mL 489.16 fg/mL 521.3 fg/mL 104.2 6.8 6.5
Water 2# 5 pg/mL 4.92 pg/mL 4.7 pg/mL 94.0 5.1 —4.4
Water 3# 50 pg/mL 49.87 pg/mL 51.5 pg/mL 103.0 2.0 3.2
Water 4# 500 pg/mL 499.89 pg/mL 508.2 pg/mL 101.64 2.3 1.6
Water 5# 5 ng/mL 5.10 ng/mL 5.3 ng/mL 106.0 5.2 3.9
Water 6# 50 ng/mL 50.03 ng/mL 50.6 ng/mL 101.2 2.4 1.1
Water 7# 500 ng/mL 502.71 ng/mL 518.3 ng/mL 102.0 4.6 3.1

# The water samples were collected from the Pearl River, Guangzhou, China.

> The concentration of PCB72 in water samples was certified using the gas chromatography-mass spectrometry (GC-MS) method.
¢ The data reported in the table represent the average of three measurements.

RSD: the relative standard deviation.

€ Re: Our biosensor vs. GG-MS method.

H2/H3 dsDNA, which can be recognized by Cas12a/gRNA. After cleavage output is 0. In the presence of both input A and input B (1,1), the free
by Cas12a, DNA3 can yield a high fluorescence signal (output = 1). In DNAZ2 will be blocked again by exposed domain a. Therefore, the DNA2/
the presence of input B (0,1), PCB77 and H1 interactions will open H1 H2 complex cannot start the assembly between H2 and H3. And the output

and expose domain a. Domain a is complementary with DNA2. Thus, the is 0. The fluorescence spectra and the corresponding fluorescence
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intensities at 665 nm of the logic gate were shown in Fig. 5b and c, respec-
tively. The colorimetric signal output of the INHIBIT logic gate was shown
in Fig. 5d. In INHIBIT logic operation, the output is 1 only if one input is 1;
otherwise, the output is 0.

4, Conclusions

In conclusion, we have successfully developed a biocomputing platform
based on hairpin probe assembly and CRISPR/Cas12a. Through the ratio-
nal design of the sensing DNA probes, the YES, OR, AND, and INHIBIT
logic gates were constructed for the intelligent detection of PCB72 and

PCB77. The linear range for PCB72 is from 500 fg/mL to 50 ng/mL and
the LOD is 128 fg/mL (S/N = 3). Recovery experiments in real water sam-
ples show that the recovery rates range from 94 % to 106 % and the relative
standard deviations (RSD) are in the range of 2.0-6.8 %. The logic sensing
platform exhibits good specificity and the nontarget molecules did not in-
terfere with the test results. In the OR logic gate, the input combinations
of (0,1), (1,0), and (1,1) can generate an output of 1. In the AND logic
gate, only in the presence of both inputs (1,1) can give an output of 1. In
the INHIBIT logic gate, the output is 1 only if the input combination is
(1,0). The logic results can be directly observed by the naked-eye under a
portable UV lamp. With the advantages of simple operation, user-
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Fig. 5. (a) Schematic illustration of the INHIBIT gate using PCB72 and PCB77 as inputs. Inset: The truth table of the INHIBIT logic gate. (b) Fluorescence spectra of the
INHIBIT logic gate. (¢) Column diagram of the corresponding fluorescence intensities at 665 nm. The red dashed line shows the threshold value of 4.0 x 10°. (d) The
colorimetric responses of the INHIBIT logic gate with the input combinations of (0,0), (1,0), (0,1), and (1,1), respectively.

friendliness, signal visualization, and high sensitivity and selectivity, the
logic biosensor can be used for on-site and intelligent detection of PCBs in
complex samples.
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